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ABSTRACT
The objective of this thesis is to establish techniques and procedures of 
instrumental Neutron Activation Analysis (INAA), that either produce a 
better signal-to-noise ratio  or reduce the errors involved. Cyclic 
neutron activation analysis is described, and methods for its  
optimisation and simulation are implemented and compared with 
conventional activation analysis. The simulation has included 
theoretical calculation of Bremsstrahlung, and consideration of single 
and double escape peaks.
Another method investigated for enhancing the signal-to-noise ratio  of 
short lived ac tiv ity  utilised Compton suppression.
Massfractionation has been investigated as a new approach to analysis of 
hot samples as well as a means for ensuring that a representative mass of 
a given element in a sample is used. This also allowed the development 
of a novel technique for the determination of the sampling factor for 
elements of interest.
Determination of short-lived fission products half lives gamma-ray 
energies and yields has made possible the characterisation of the 
short-lived fission product spectrum. This has allowed us to both study 
the variation of the signal-to-noise ratio  of the most intense gamma rays 
and test their possible use for uranium determination.
The determination of 26 elements including uranium and thorium in a
Syrian geological survey was conducted and the usefulness of cluster 
analysis in detecting systematic and random errors was demonstrated.
The u tilisa tion  of microcomputer for data a c q u is itio n  and the development 
of data processing of such data on a mainframe computer were integrated 
in order to achieve maximum f le x ib i l i t y .
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APPENDICES
CHAPTER ONE
INTRODUCTION
The activation of the nucleus was f i r s t  discovered by Irene Curie and her 
husband Frederic Joliot in 1934. They reported that elements such as 
aluminium, boron, and magnesium became radioactive following the ir  
bombardment by a beam of «-partic les . Activation by other projectiles  
such as neutrons and protons followed shortly afterwards. Neutron 
activation as an analytical method was f i r s t  reported by George Hevesy 
and Hi 1 de Levi at the Bohr Institu te  [1 ] ,  Copenhagen in 1936. They were
the f i r s t  to u t i l iz e  the technique to activate dysprosium. However, the
\
technique was not fu l ly  exploited as an analytical method until nuclear 
reactors were employed in the mid fo rt ie s . Since then activation 
analysis has been used in a wide range of analytical tasks.
Since neutrons have no charge, they diffuse through a material which is 
more like the diffusion of gas. There are however some differences, gas 
diffusion is bound by the container walls whereas neutrons diffuse
through the various materials and are not bound by a wall. Apart from 
differences in the diffusion length [2 ] ,  neutrons diffuse across from one 
material to another with re la tive  ease. In addition, neutrons get 
absorbed. I t  is this property that made activation analysis possible. 
When neutrons are absorbed a new nuclide is created. I t  is usually in an 
excited state and i t  decays down to a ground state by emitting
radiation. This radiation could be electromagnetic radiation and/or a
given partic le  ( i . e .  proton, neutron, alpha or beta p a r t ic le ) .  I f  the 
nuclide is unstable i t  w ill  further decay with a given decay constant
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emitting beta particles and/or gamma rays. The radiation emitted is 
characteristic of the nucleus, but the poor gamma-ray energy resolution 
of the early detectors made i t  d i f f ic u l t  to conduct such measurements 
with confidence.
The technique had therefore relied on radiochemical separation because of 
the limitations due to resolution. Radiochemical separation coupled with 
y and 3 counting made the analysis of many elements possible, which 
otherwise would have been impossible instrumentally. A serious 
disadvantage of radiochemical separation in activation analysis is the 
time involved to analyse a sample compared to the time taken by other 
methods, the additional chemical processing cost, and the d iversity  of 
the radiochemistry involved depending on the element(s) of interest.
The development of detectors with better resolution, and the vast demand 
for multi-elemental analysis for a diverse variety of matrix compositions 
varying in origin from high purity materials for reactor and electronic  
devices, to materials of agricultural, geological, and industrial origin  
has favoured instrumental neutron activation analysis (INAA). Even then 
employment of long-lived isotopes made analysis time consuming. Samples 
were irradiated from several minutes to several days and le f t  to cool for 
similar periods. The ac tiv ity  by then was so weak that measurement had 
to be performed for a considerable time. Consequently, analytical 
results can take a long time to obtain. This delay is an inherent 
problem in long a c tiv ity  measurement.
Other challenging and important analyses are on-line analysis of a given 
industrial process, 'in vivo' N A A, and nuclear material analysis for  
safeguard, accountancy, and control. In these cases and many others,
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chemical separation is impractical, long irradiation is disadvantageous 
or impossible due to either dose limitations or practical and economical 
aspects. The demand for rapid, re liab le , and sensitive procedures became 
unavoidable. This was clearly stated by Spyrou [3] in a review of cyclic 
activation analysis, "There is demand for rapid and re liab le  analytical 
techniques with good sensitiv ity  for trace element determination and 
multi-elemental capabilit ies". Hoste [4] has stated at the f i r s t  
International Workshop on Activation Analysis with Shortlived Nuclides 
that e ffo rt  should be geared towards the u ti l iza t io n  of short-lived  
isotopes.
Cyclic neutron activation analysis is an adaptation of I N A A u t i l iz in g  
short lived isotopes. This gives i t  the advantages of N A A, in addition 
cyclic activation is selective in enhancing the signal-to-noise ratio  of 
the nuclides of interest. This leads to better detection l im its . The 
se lec tiv ity  is due to the difference of the ha lf- l ives  of the 
radioisotopes produced. This difference is proportional to the decay 
constant of the various a c t iv it ie s .
Noise beneath the signal is due to several sources. Scattering of the 
numerous polyenergetic y-rays emitted by the sample, by the detector 
crystal gives rise to a continuum on which many peaks are s it t in g . Beta 
particles emitted from the radioactive material when interacting with the 
surrounding tend to emit bremsstrahlung radiation which contributes to 
the noise, especially at the low energy region. Reactor noise in some 
cases forms another component, especially i f  the detector is situated in 
close proximity to the reactor. Natural background contributes to the 
noise but to a lower extent. Generally i t  is multiple scattering of the
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y-rays and the production of bremsstrahlung radiation that are the main 
contributors to the noise. This noise can be minimized by favouring 
conditions that minimize the production of the particular nuclides 
responsible for its existence. Activ ity  growth is inversely proportional 
to the h a l f l i f e ,  therefore short-lived activ ity  reaches saturation in a 
shorter time compared to the longer-lived one. Once the shorter lived 
ac tiv ity  of interest reaches saturation or close to saturation there is 
no point in continuing the irradiation. Counting in most cases should 
resume promptly. This process of irradiation and counting could be 
repeated as long as counts contributing to the signal of interest are 
higher than those collected in the underlying background. The optimum 
signal-to-noise ratio  is a function of sample parameters, composition of 
sample, detection parameters, and the activation procedure adopted. 
There is l i t t l e  that can be done to the sample and the detection 
parameters once these are chosen, that w ill improve the signal-to-noise  
ra tio . Nevertheless, they should be included in optimisation 
considerations. The reasons for this w ill become obvious in la ter  
chapters.
From experience i t  is time consuming to draw up a procedure for the 
analysis of a given element in a given matrix by t r ia l  and error. This 
practice however, was for a considerable time the only acceptable 
experimental method. Optimisation of the signal-to-noise ra tio  was 
studied taking into consideration a ll variables and assigning an averaged 
h a l f - l i f e  for the background from experimental t r ia ls .  Further study of 
the signal-to-noise ratio  has shown a strong dependency on the averaged 
h a l f l i f e  used. The background is a composite of many sources of y-rays 
with a wide range of h a lf - l iv e s , and therefore i t  strongly depends on the
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time of irradiation, cooling, counting, number of cycles and most 
importantly the matrix elemental composition. This has made the idea of 
determining an averaged background h a l f - l i f e  less attractive. I t  was 
clear that the optimisation of the dynamic process of the signal-to-noise 
ratio  could only be foreseen by the use of spectrum simulation.
The prediction and optimisation of the analytical procedures from the raw 
nuclear data and sample parameters and the characteristics of the 
detection system proved to be an important objective in order to 
undertake the elemental analysis of d ifferent samples with greater 
confidence. I f  successful such a procedure w ill substantially reduce the 
time spent on experimental t r ia ls  to come up with an optimum mode. The 
spectrum simulation w ill involve radioactiv ity  growth and decay for the 
elemental components of the sample, decay modes, the detection system 
response, and the firjal shape of the y-ray spectrum. I t  would also 
involve the optimisation of the analytical procedure according to the 
resultant signal-to-noise ratio  obtained from the intermediate spectra 
output for the various mesh points of the time parameters and number of 
cycles i f  applicable. Theoretical models had to be adopted to make the 
task feasible in a reasonable computer time. A study case that had 
already been solved experimentally was used to test the new approach. 
Sample parameters were put in as constants. Theoretically, the higher 
the mass the more the number of counts, however, a larger mass sample 
would lead to dead-time problems in the detection system and an increase 
in the background accordingly. The smaller the mass of the sample the 
less dead-time but the sample mass has a minimum threshold below which i t  
is not representative in terms of elemental composition of the material 
under investigation. In other words, the analyst would have to decide on
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how much material is needed to be representative of the sample, bearing 
in mind the dead time problem. This minimum mass required for a given 
material has not been investigated thoroughly. Several ways of solving 
this problem exist. I t  was part of this project to explore an 
alternative way of experimentally determining the optimum mass while 
taking into account all other problems involved.
I f  the minimum representative mass is reasonable ( i . e .  less than -100 mg 
and deadtime is less than 20%), then once optimisation is performed 
experimental work could follow. But i f  the mass is re la t iv e ly  large then 
the dead-time has to be investigated. Two possib ilit ies  exist, f i r s t  i f  
the dead-time starts at an acceptable value (<20%), one could then le t
the cooling between counting to be long enough to allow for the longer 
lived ac tiv ity  to decay. The other possib ility  is encountered i f  the 
minimum mass gives intolerable dead time. In this case, mass 
fractionation has to be considered rather than reducing the mass sample. 
Mass fractionation, as the name implies, leads to dividing the sample 
into as many fractions as necessary. Each fraction is irradiated and
counted separately and the spectra are then added after a dead time
correction is carried out. Standard reference materials (biological and
geological) and standard analytical solutions were used to test the 
v a lid ity  of the concept of mass fractionation. The concept has proven to 
be valid and useful. I t  has also led us to introduce a new and faster 
way of investigating the sampling factor (the minimum representative 
mass) of an element of interest in a given matrix.
In addition to signal-to-noise optimisation by varying the relevant 
procedure noise reduction using a Compton suppression system was also
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investigated. Its  significance in comparison to the above mentioned 
optimisation procedures w ill be fu l ly  discussed in this thesis.
This research demanded a f lex ib le  data handling and processing system
that could retain data in i t 's  raw form, provide f lex ib le  data 
manipulation and also provide a rapid output in a clear and easy to 
understand format. The system had to be developed at both the Reactor 
Centre at Silwood Park, to deal with data handling in an on-line process, 
and on the University of Surrey main frame computer for data processing. 
I t  was only after establishing this data processing system that the work 
was made possible.
The above procedures and techniques along with the data processing system
were employed in a case study of uranium analysis in geological samples
for an exploration survey.
In the course of uranium concentration determinations standard solutions 
of U02 (N0 3 )2 were irradiated to identify short-lived fission products and 
select any potential lines that could be used for uranium determination. 
Since the a c tiv ity  of the irradiated uranium provides a wide variety of 
nuclides ranging in their ha lf- l ives  from micro-seconds to hundreds of 
years, short, medium, and long lived ac tiv it ies  were studied and 
compared. Detectors for low and high energy y-ray detectors were used to 
cover a wider range of the spectrum.
CHAPTER TWO 
BACKGROUND AND THEORY
2. Radiation Sources:
2.1 Neutron Sources:
Neutrons are the primary tool of neutron activation analysis. The main 
sources of neutrons are nuclear reactors, isotopic and photo-neutronic 
sources, and charged partic le  accelerators for neutron production. 
Nuclear reactors, based on the fission reaction, are the principle source 
of neutrons. Isotopic and photoneutronic sources are also used for 
irradiation but to a lesser extent. This is mainly due to the generally 
lower neutron flux density and consequently lower sensitiv ity  that could 
be achieved for activation analysis. Neutrons in this case are produced 
by e.g. («,n) or (y,n) reactions in light nuclei. This comes about by 
physically mixing a heavy transuranic element (e.g. Am-241, Po-210, 
Ra-226,..) and a light nuclide (e.g. Be, or B). The energy of the 
emitted radiation should be higher than the separation energy of the 
neutron from the nucleus.
Spontaneous fission in transuranic isotopes provides another source of 
neutrons. Most widely used is Cf-252 with a h a l f l i fe  of about 2.65 y. 
Spontaneous fission of Cf-252 apart from being an exoergic reaction, has 
increased probability of the fission fragments overcoming the Coulomb 
barrier compared with uranium. This makes the usage of Cf-252 as a 
neutron source possible. In spite of the fact that the above mentioned 
sources are low in neutron f lu x , they play an important role in 
activation analysis due to their compactness, mobility, and cost.
Charged partic le  accelerators are also used for neutron production. In 
the last few years accelerators have played an important role in 
producing re la t iv e ly  high neutron fluxes. Yet, their role in trace 
element analysis has not been fu l ly  exploited. Charged particles such as 
protons and deuterons are accelerated; the bombardment with energetic 
protons or deuterons of most materials w ill produce neutrons. Most 
typical is the D-T reaction producing an isotropic neutron source of 
nearly monoenergetic neutrons at 14.2 MeV. More recently uranium has 
been used as a target for high energetic beams of protons (80 MeV). A 
flux of about 10^8 n m"^s“ -^ at the target is obtained [5 ] .  This 
signals to the substantial capabilities of these machines for future work 
in instrumental neutron activation analysis.
The discussion of neutron sources w ill be limited to nuclear reactors 
since other sources were not used in this research. In order to u t i l iz e  
the nuclear reactor as a source of neutrons i t  is important to understand 
the reactor neutron distribution in energy and space, as well as the 
possible reactions that could take place within a sample of interest. 
Neutrons produced in the fission reaction emerge with a distribution of 
energies ranging from *0 to 25 MeV with the average neutron energy being 
roughly 2 MeV. The fission spectrum is represented as f (E)dE i . e . ,  the 
average number of fission neutrons emitted with energy E in the interval 
E to E+dE. Empirical expressions have been developed to represent the 
fission spectrum, the one most widely used being the Watts distribution  
[ 6],
Fission neutrons are then moderated to lower energies where the fission  
cross section is substantially higher. Moderation is estabished simply
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by letting fast neutrons collide with lighter nuclei, such as hydrogen, 
thereby losing some of their energy. They eventually reach thermal 
equilibrium with the moderator in which their distribution as a function
of energy is described by the Maxwell-Boltzmann distribution, with the
most probable neutron energy being En = KT where K is Boltzmann's 
constant and T is the moderator temperature in degrees Kelvin [7 ] .
n fE) = 2lr nt  F J p-E/Kt
lE)  - r  J  6 (2.1)
(ttKT) 3/2
Where n^  is the total neutron density, and E is the neutron energy in 
question. The equation, however, does not take into consideration 
neutron absorption and leakage. The neutron absorption cross section is 
generally considered to be inversely proportional to the square root of 
the neutron energy and therefore neutrons with low energy have a higher 
absorption cross section. This results in a distortion in the
distribution which makes i t  peak at a higher energy. On the other hand
leakage probability is d irectly  proportional to the neutron energy thus
causing the distribution to peak at a lower energy. These mechanisms are 
known as hardening and softening of the spectrum. For a reactor the 
effect of hardening the spectrum overwhelms the softening of the spectrum 
due to leakage. The study of neutrons in the reactor is accomplished by 
dividing them in a number of groups according to the ir  energy (group 
diffusion method). The neutron flux being defined as the product of
neutron density ( i . e .  neutrons per unit volume) and neutron velocity , 
depends on neutron energy and therefore on the position in the reactor 
core e.g. in the fuel rods where moderation is minimal the fast flux is
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higher than the thermal f lux . The thermal f lux, however, is higher in 
the moderator especially at some distance away from the fuel rods. The 
flux definition is a convenient way of incorporating i t  into the 
interaction process since the cross-section of a given interaction is a 
function of energy. The neutron flux as a function of distance depends 
on reactor geometry, size and composition, but in general the flux is a 
maximum at the core centre and decreases outwards. The decrease at the 
core outer zone is due to neutron leakage. Leakage is generally a 
function of surface to volume ra tio . This ratio is at a minimum for 
a sphere, larger for cylinder and even greater for a cube or a 
rectangular volume. Ideally , a reactor designed for power generation 
should be spherical in shape. But for practical purposes a cylindrical 
form is adopted. For experimental reactors where the main aim is 
u ti l iza t io n  of neutrons with minimum power production rectangular shaped 
cores are very common. Leakage here is compensated for by going to a
higher enrichment of the fue l. Reactors with neutron reflectors show a
re la tive  increase in the thermal flux close to the reactor boundaries 
f ig .  (2 .1 ) .  Thermal and epithermal neutrons for most elements interact 
with nuclei through (n,y) or (n, n1) reactions and therefore no elemental 
change takes place. On the other hand fast neutrons impart enough energy 
to cause (n ,p), (n,2n) and (n,®) reactions. This makes elemental
interference in neutron activation analysis, a complicated and d i f f ic u l t  
problem to contend with. I t  is one reason why irradiation f a c i l i t ie s  are
commonly installed at the reactor peripherals.
The neutron cross section strongly depends on the neutron energy and 
therefore the neutron flux is categorized in energy terms. Neutron flux  
for a ll practical purposes is defined as the product of the neutron
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density and the neutron velocity and is expressed in terms of neutrons 
per unit area per unit time. The reaction rate for a given nuclide is 
defined as the integral of the product of the flux and cross section as a 
function of energy. The cross-section, however, changes rapidly and some 
sharp resonances are generally observed at epithermal energies. The 
position and magnitude of the resonances d if fe r  from one element to 
another, as a result of which the neutron flux distribution is 
categorized according to the variation of the neutron cross section in 
the thermal, resonance, and fast flux regions. At the low energy region 
most nuclides show an absorption cross section at 1//E where E is the 
neutron energy. Since the neutron velocity is proportional to the square 
root of its energy, this region is described as the 1/v region. I t  
should be mentioned that few nuclei do not exhibit such behaviour and are 
therefore called non-l/v absorbers. Above this region comes a region of 
resonances; these resonances are due to neutron absorption resulting in 
excitation of the nucleus where the excitation energy coincides with an 
energy level f ig .  (2 .2 ) .  Neutrons at the higher energy end of the 
spectrum could excite the nucleus to v irtual levels leading to (n,2n), 
(n ,p), and (n,«) reactions taking place. This would lead to the 
formation of a different nucleus and hence a d ifferent decay scheme. The 
fast flux and the cross section for such reactions are re la t iv e ly  less 
than for the previous two. This in fact makes thermal and epithermal 
irradiation the principle mode of neutron activation in the reactor.
2.2 Neutron induced reactions:
One could deduce from the above that several nuclear reactions are 
possible in a sample, the ir  cross sections varying according to the
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nucleus of interest and the neutron energy. They could be classified as 
elastic  and inelastic scattering and absorption reactions. Before 
proceeding to the description of the different interactions, the 
interaction mechanism of a nuclear reaction w ill be covered b r ie f ly .  I f  
one considers a thermal neutron (v = 2200 m/s) and a nucleus with a 
diameter of the order of 10"^m i t  follows that the time required for 
the neutron to traverse the nucleus is in the order of 10"^s. This is 
very short compared to the l i f e  time of the excited state of the compound 
nucleus which is in the order of 10"^s. Thus i t  is concluded that the 
neutron has been absorbed by the nucleus (Bohr 1936) [9 ] .  The compound 
nucleus is highly excited and de-excitation could take place by several 
ways depending solely on the level of excitation. I t  is obvious that the
la tte r  depends on the energy of the incident neutron. I t  could be summed
up that the reactions of interest from the point of view of activation 
analysis are the following:
1- Inelastic scattering
2- Radiative capture
3- Transmutation
2.2.1 Inelastic  scattering:
Inelastic scattering becomes possible i f  the incident neutron imparts 
enough energy to put the target nucleus in at least its f i r s t  excited 
state. I f  de-excitation from the f i r s t  or second level is forbidden due 
to possibly large spin changes between levels with small energy 
differences, a measureable h a l f - l i f e  is attainable. This excited state 
of the nucleus is called an isomeric state since both the excited and 
unexcited nucleus have the same mass and charge. Its  decay is given the
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special notation "isomeric transition". An isomeric transition could 
have a h a l f - l i f e  ranging from 10-6 to 10+6 s or even longer; but most 
importantly a large portion of the metastable nuclei have suffic iently  
short a h a l f - l i f e  to make their u t i l iza t io n  in activation analysis most 
convenient. A similar interaction is the (n,2n) reaction. The incident
neutron in this case has enough energy to take the compound nucleus to a
virtual level whereby two neutrons are emitted. Since the average
binding per nucleon is about 8 MeV, the incident neutron energy would
have to exceed this value. Such a reaction is more important in the case 
of 14 MeV neutrons.
2.2.2 Radiative capture:
When the neutron is low in energy, absorption w ill  result in the 
excitation of the nucleus to some bound level where de-excitation is 
possible only by the emission of one or more gamma rays. The radiative  
capture cross section is proportional to 1/v and therefore predominates 
at low and thermal energies. In addition the combined nucleus has a 
higher neutron to proton ratio  hence moving its position away from the 
s ta b il i ty  line. This makes i t  unstable with respect to beta negative 
decay.
Most radioisotopes produced by the radioactive capture process decay by 
8 emission with a reasonable h a l f - l i f e  and the emission of one or more 
y rays. For y rays that go through complicated decay processes other 
possib ilit ies  such as internal conversion, Auger electrons, and 
consequently characteristic X-ray emission can take place.
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2.2.3 Transmutation:
Transmutation involves the change of a given target nuclide of a given 
element to that of a different one. This is due to the reaction 
mechanism where a neutron is absorbed and a charged particle is emitted. 
This does not only involve a change in the nuclear properties but also 
changes in the chemical properties of the target nucleus as well. In 
order for a neutron to cause such a reaction to take place, two c r i te r ia  
have to be satisfied. F irs t ly ,  the neutron has to have a minimum 
threshold energy in order for this endoergic reaction to become 
energetically possible. The threshold energy needed is given by
where Q is the mass difference in energy units.
and Mn,M are the neutron and target nucleus mass respectively.
Secondly, the charged partic le  should possess enough energy to overcome 
the Coulomb barrier before i t  can be emitted from the nucleus. The 
Coulombic potential energy of the barrier is given by
where Z, R are the atomic number and radius, respectively of the product 
nucleus (A) and the emitted partic le  (a ), and e is the electronic charge 
of the electron.
E = -Q.(Mn + M) 
"("M  " )
(2 .2 )
E « (Z a*ZA) e2/  (Ra + RA)2 (2.3)
This would require fast neutrons to make such a reaction possible. For
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light nuclei however both the binding energy per nucleon and the Coulomb 
barrier are small, low energy neutrons therefore could in it ia te  such 
reactions (e.g. for B (n ,« ), cr = 3900 barns [10]. In a quantum 
mechanical treatment of the problem for heavier nuclei there s t i l l  exists 
a small probability for the reaction to take place with a neutron having 
a lower energy than the threshold energy. This is known as the tunneling 
mechanism.
Another possible nuclear reaction caused by neutron absorption is 
fission. Even though fission is a special nuclear reaction by i ts e l f ,  we 
l i s t  i t ,  as well, for simplicity under transmutation in that the 
fissionable nuclide is transmuted to d ifferent ones. Fission takes place 
in transuranic nuclei; when a U-235 nucleus absorbs a neutron the 
probability of fission is substantially increased. Although the 
spontaneous fission process in U-235 is exoergic (Q-150-160 MeV), the 
Coulomb potential barrier for the two fission products is too high to be 
overcome. The absorption of a neutron increases the energy content of 
the fissionable nucleus making the separation of the fission products 
more probable. According to the liquid drop model where the nuclear 
forces are represented by the surface tension [11], a nucleus with mass A 
and atomic number Z ’w ill be unstable against fission i f
Z2 »  44 (2 .4)
A
A typical fission yield curve f ig .  (2.3) with maximas at A = 95 and 140, 
gives an idea of the d iversity  of the possible fission products, the ir  
ha lf- l ives  range from too short to measure to millions of years.
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Fig (2.3) Fission product y ield as a function of mass 
number 9<5I-
(a) for thermal U
(b) for 37 MeV alpha partic le  induced fission of
Th [12]
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2.3 Reaction rate for reactor neutrons:
The ultimate goal is to determine the number of y-rays emitted by a given 
radionuclide in itiated through the neutron interaction, with a given 
sample of interest. The probability that a neutron-nucleus interaction 
will take place is characterized by the cross-section. The cross-section 
could be thought of as the effective cross-sectional area presented by 
the nucleus to the incident neutron. Although this geometrical 
definition presents a useful way to visualize the idea, i t  could be 
misleading because of the other factor involved; namely the 
cross-section's quantum mechanical nature. This leads to the resonance 
contribution. In general the reaction rate per target nucleus irradiated  
in a reactor flux is given by
where <j>(E) dE is the flux in the energy interval E & E + dE and a(E) is 
the cross-section at energy E.
For radiative capture and inelastic scattering thermal and resonance 
neutrons have a significant cross-section which drops at higher 
energies. For 1/v absorbers one could express a (E) for thermal neutrons 
as
oo
(2.5)
0
cr(E) = o0*(E0/E)J = a0*(V0/V(E)) (2 .6 )
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(2.7)
(2 .8)
The separation of the integral is possible due to the smooth variation of 
the thermal flux cross-section. The cadium cross section f ig .  (2.4) is 
unique in the sense that i t  starts at a high value and suddenly fa l ls  to 
a lower value. The drop takes place at about 0.5 eV which could for a ll 
practical purposes be considered as the cut-off energy between thermal 
and epithermal neutrons. I f  a nuclide irradiated in a reactor has a 
reaction rate given by eq (2.8) i t  follows that irradiation under 
Cd-cover would have a reaction rate given approximately by
^cd = ^ e  (2.9)
The ratio  of the ac tiv ity  due to irradiation in a neutron transparent 
tube to that of a Cd-covered one is called the Cd-ratio of the given 
element. The Cd-ratio is an indication of the advantage or disadvantage 
of epithermal irradiation for that element at the given position in the 
reactor. For routine reactor flux measurements, gold is the most widely 
used element. Knowing the thermal cross-section and the resonance 
integral for any other element x we can calculate its Cd-ratio using the 
following expression:
(2.3) can be written as
R =/a0v0 n(E)dE +j$e g(E)dE 
0 E.
" ao ♦th + J'J’e
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(2.10)
The reaction rate of a threshold reaction is sim ilarly  defined as eq
(2 .5 ) ,  but since the cross-section for energies below the threshold 
energy is v ir tu a lly  zero Rt is defined as
The flux function is considered to be the fission flux unaffected by the 
mooeration process. This is not s t r ic t ly  true but i t  is the best 
estimate. The cross section is averaged over the flux energy as
where the denominator defines the fission flux <{>f.
A well defined fission neutron flux is used experimentally to calculate  
sucn an averaged cross-section (I.A .E.A. 74) [13]. Perturbation of the 
fission neutron flux is inevitable; the effect fortunately is not too 
large, in most cases.
2A Growth and decay of ra d io a c tiv ity :
A nuclear reaction is similar to a chemical reaction in the sense of
oo
(2. 11)
00
(2 . 12)o oo
0
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having two reactants yielding a product. The nuclear reaction takes a 
slightly  d ifferent formulation in the notation since the reactants are 
always distinguished as a projectile  and a target.
projectile
The recoiled nucleus is radioactive and w ill decay with a given 
h a l f - l i f e .  The number of radionuclides formed by the above reaction is 
governed by two mechanisms
I rate of production N/\ a0<j>
I I  rate of decay Ag Ng
where N/\ and Ng are the number densities of the target nucleus A and 
the product nucleus B respectively, Ag is the decay constant of the 
product nucleus B and aothe cross-section of the reaction. The remainder 
being defined as above.
Jhe rate of change of the product nucleus B is:
Target
outgoing partic le
A  3  ' B  “I" b (2.13)
\
recoil nucleus
(2.14)
and the general solution is given by
N s(ti) = C exp(-ABtj) + 4.J.NA ( l - e - * B t i ) (2.15)
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i f  the product nucleus is solely produced by irradiation, C = 0 and
therefore the solution is given by
NB (t j)=  ,f,ao NA 0  - e 'xBti) (2.16)
*B
Eq(2.16)gives the growth of a given radionuclide produced through a given
nuclear reaction. I f  the irradiation was stopped at a given time the
activ ity  is then mainly governed by
NB( t j , t )  = NB( t j )e - * B t  (2.17)
The ac tiv ity  available for counting beween the end of a waiting time t w 
and the end of a counting interval t c is given by
NB(t-j) e"*Btw - Nb( t- j) e"*B(tw ~ t c ) (2.18)
and therefore the total ac tiv ity  available for counting is
NB( t i , t w| t c) = Na cjoV  (1 - e‘ xti)e ‘ xtw (1 - e- Atc) (2 19)
XB
Fig. (2.5) shows the growth and decay of the ac t iv ity  of an isotope as a 
function of time in multiples of h a lf - l iv e s .
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2.4.1 Cyclic Activation Analysis
The level of ac tiv ity  of a given radionuclide comes to saturation after a 
given time, due to the balance between the production and decay of the 
radioisotopes. In this case, where short-lived ac tiv ity  is the prime 
concern, saturation is reached in irradiations of several ha lf- l ives
(5-10). In order to enhance the amount of ac tiv ity  available for 
counting, the process of irradiation and counting is repeated several 
times, each period being referred to as a cylcle. The earlies t  
experiments where the cyclic mode was used were carried out by ANDERS
[14]. At the time the mode was not called cyclic. Samples were 
repeatedly irradiated on a Van der Graaf accelerator and counted using a 
Nal (TL) detector. The usefulness of the technique was demonstrated.
Since then several researchers have used the technique employing isotopic 
sources and neutron generators. In the early seventies a reactor 
f a c i l i t y  for cyclic activation was discussed and planned by Spyrou et al
[15 ]. A system on the University of London Reactor Centre was f i r s t
tried for this purpose. Since then numerous uses for cyclic activation
have been reported in the l i te ra tu re . The total a c t iv ity  available for 
detection in the cyclic mode is given by * * .
Nc = m An C <J> a e y (1 -  e“x t i )e " xtw (1 - e~x tc) (2.20)
Aw *  X
n e-XT(1 -  e-*nT)
] - e--XT (1 - e“x"T) 2 
where Anis Avogadro's number
m is the sample mass
c is the per cent of the element of interest
Aw is the atomic weight
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t j 5t w and t c are the irradiation, waiting and counting times 
T is the cycle period T = t j+ t w+tc+tw
n is the number of cycles
y is the gamma yield
and e is the isotopic abundance
**  For the derivation see App. ( I ) .
Fig. (2.6) shows schematically the isotope activ ity  varying with time, 
for the cyclic mode.
2.5 Decay modes
Radioactive nuclides produced by neutron irradiation could decay in 
different ways, most commonly by y and 3 decay, and more seldom by 
«-decay. Radioactive decay could also be associated with internal
conversion, Auger electrons, and consequently X-ray emission. However 
most instrumental activation analysis is involved with y-ray detection, 
y-rays mainly have discrete energies, and their  attenuation is negligible  
except for large samples and low energies. As w ill be described la ter
y-decay can take place following 3 -decay as a means of de-excitation of 
the 3 -decay productnucleus. Radioisotopes formed by inelastic  
scattering decay by emitting y-rays. X-rays emitted as a result of
electron capture and internal conversion may be u tilized  in activation  
analysis employing a low energy photon detector. Several cascades of 3-y 
and y-y could be observed in decay schemes f ig .  (2 .7 ) .  Handbooks of 
decay schemes are readily available [16, 17]'. The radioactive nuclides 
may take alternative paths to decay by, 3 and y according to the ir  
branching ratios. 3 -y and y-y coincidence therefore form an alternative  
and specific way for isotopic detection. Transuranic nuclides could be
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detected by delayed neutrons post irradiation for fissionable nuclei 
and/or ^-counting from their natural decay chains. Alpha particles are
monoenergetic with several MeV energy. The nucleus in some cases is le f t
in an excited state that decays by y - emission.
As has been mentioned most neutron activation processes decay by
3 -emission. The emitted 3 -partic le  shares the available energy with a 
neutrino, and therefore the emitted 3 -particles are polyenergetic having 
a continuous spectrum from zero to the maximum energy available. Since 
the beta partic le  causes a decrease (or an increase) of the nuclear 
charge and no change in the nuclear mass, the product nucleus w ill be in 
an excited state and decays almost immediately to the ground state by 
Y-emission.
Since the neutron mass is larger, the proton transformation into a 
neutron can only be allowed i f  the daughter nucleus has a lower energy 
level than the parent nucleus. I f  this is not the case,this is energetically  
not possible and the nucleus can take another alternative route of decay 
namely electron capture. Then the product nucleus decays to the ground 
state by the emission of one or more gamma rays. Characteristic x-rays 
in this case are emitted due to the electron rearrangement.
2.6 Radiation interaction with matter
The basic principles of radiation detection are based on the way the 
emitted radiation interacts with the cjetector material. The 
understanding of these principles w ill not only allow the proper design
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of the right detector but also help to give the correct interpretation of 
the detector output. Since this work w ill be namely concerned with
y-ray spectrometry, we w ill only deal with interactions affecting the 
Y-ray spectrum, and therefore Y-rays and 3-partic le  interactions w ill be 
our main concern. The theoretical calculation of their contribution in 
a Y-ray spectrum w ill be le f t  to later sections.
2.6.1 Photon interaction with matter
Electromagnetic waves emitted by a radionuclide and incident on a 
material could interact in several ways. The different interaction 
possib ilit ies  have been summarized by Fano (table 2 .1 ) .  Of these only 
three major processes are important to the activation analyst. These are 
the photoelectric e ffec t, Compton scattering, and pair production. They 
can solely explain why a gamma spectrum looks as i t  does.
2.6.2 The photoelectric effect
The photoelectric effect is an interaction in which the photon is 
completely absorbed by the electron, and the photoelectron emerges with a 
kinetic energy equal to the photon energy less the binding energy of the 
electron. I t  should be mentioned that the interaction is with the atom 
and not just the electron and therefore a free electron can not undergo 
such an interaction. Gamma-rays with re la t iv e ly  high energy usually 
have the ir  interaction with the innermost K-shell electron. The recoiled 
atom is le f t  in an ionized state and consequently rearranges its  
electrons and recaptures a free electron. As a result characteristic  
x-rays are emitted. But such soft x-rays are absorbed close to the ir
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Table 2.1 List of the various possible interactions, and the ir  
Possible effect [18]
Kinds of interaction Possible effects
- Interaction with atomic electrons
- Interaction with nucleons
- Interaction with e lectric  f ie ld  
surrounding nuclei or electrons
- Interaction with the meson f ie ld  
surrounding nucleons
Complete absorption
Elastic scattering 
Inelastic scattering
r
t
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original interaction site through another photoelectric e ffect. The 
photoelectric effect predominates at low energies and is enhanced for
atoms with higher atomic number. Consequently shielding, and detector
materials are preferably chosen from high Z-materials.
2 .6 .3  Compton scattering
Compton scattering is simply the e lastic  collision between a photon and a 
free electron f ig .  (2 .8 ) .  In such a collision both energy and momentum 
are conserved. Using these conservation concepts i t  follows that the
scattered photon energy E‘ is given by
EV= Ey Ee______________ = Ey___________ _ (2 . 2 1 )
E (1 - cose) + « (1 - cose) + 1
where Ey is the photon energy
Ee is the electron rest mass energy
and equal to .511 MeV 
e is the scattering angle 
and a is equal to Ey/Ee
From a practical point of view Compton scattering causes many of the 
d if f ic u lt ie s  encountered in gamma spectroscopy. This is mainly due to 
the continuing existence of the photon after the interaction which w ill  
vary in energy according to the scattering angle. A bound electron can 
also scatter electromagnetic radiation by a process known as Rayleigh 
scattering. This scattering takes place when the incident y-ray  
interacts with a strongly bound electron. The electron is made to
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oscilla te  and the gamma-ray is scattered. Since no excitation or 
ionization of the atom takes place Rayleigh scattering is generally 
limited to small angle scattering. This makes its effect on N.A.A. work 
less pronounced.
2.6.4 Pair production
Pair production is the third major possible interaction and in this the 
photon completely disappears and an electron-positron pair emerges. For 
such a reaction to be energetically possible the photon energy must 
exceed the rest mass energy of the electron-positron pair. The pair 
production cross section becomes significant only at energies higher than 
1.5 MeV. The reaction takes place close to the Coulomb f ie ld  of the 
nucleus; in fact the cross section varies as the square of the nuclear 
charge. Once the pair is produced, the electron and positron move about; 
during this motion they lose part of the ir  energy via collisions and 
eventually the positron interacts with an electron. This interaction 
causes both particles to disappear (annih ila te ), and two photons with 
511 KeV energy emerge in opposite directions, as for the electron i t  
loses its energy and eventually occupies a vacancy in the material.
Fig. (2.9) shows the re la tive  importance of the three processes as a 
function of photon energy. I t  is clear that the photoelectric e ffect  
dominates in the low energy region, whereas pair production is only 
possible at energies higher than 1.022 MeV and the Compton effect is the 
most probable interaction between these two regions. Relevant quantities  
determining the actual shape of the gamma spectrum (photofraction, escape 
peak ra t io , photopeak effic iency e t c . . . )  w il l  be discussed in more
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detail la te r.
2.7 Beta-interactions with matter
For a gamma spectrum in addition to the d ifferent Y-rays registered 
(photopeak, single and double escape peaks, and the Compton continuum) 
the energetic beta particles radiate photons called Bremsstrahlung 
radiation due to their deceleration in the surrounding material. 
Bremsstrahlung shows up as a continuous spectrum extending from zero to 
the maximum energy of the beta-partic le . The stopping power (dE/dX)c 
derived by Bethe [20] gives the specific energy loss due to collisions  
producing ionization and excitation as
where 3 = V/c
I is the average excitation and ionization potential of the 
absorber
N and Z are the number density and atomic number of the absorber
V and C are the velocity of the 3 -part ic le  and the speed of light
respectively.
Low energy betas usually lose energy through co llis ion . Higher energy
betas mainly lose energy through Bremsstrahlung radiation. Losses due to
Bremsstrahlung arise because of the deceleration of the B-particle in the 
v ic in ity  of the nuclear f ie ld  and hence give up energy in the form of 
electromagnetic radiation. As for losses due to the Bremsstrahlung
(2 . 2 2 )
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effect, several empirical formulae have been developed for a thin 
target [12, 21], But for the optimisation and simulation purposes 
undertaken in this work, a more detailed analysis of the process w ill be 
introduced in later sections. The approach w ill attempt to calculate the 
Bremsstrahlung radiation produced by a thick radiator given the flux and 
energy of the incident beta beam.
2.8 Gamma radiation detectors
The u ti l iza t io n  of instrumental neutron activation analysis as a 
multi-elemental method involves the detection of y-rays, several of
which would be of interest. For quantitative results a gamma line of 
interest should be well resolved, and s ta t is t ic a l ly  valid . Solid state 
s c in t i l la t io n  detectors were used in the past. They have good efficiency  
but rather poor resolution. Semiconductor detectors, on the other hand, 
offer good efficiency and remarkable resolution. In order to preserve 
the generality of the following discussion, a description of specific
systems w ill not be considered. Moreover detailed description of the 
electronic pulse processing is not needed for i t  is well explained in 
standard text books [22, 23].
Semiconductor detectors give a better resolution than s c in t i l la t io n  
detectors due to the small amount of energy needed to create an 
electron-hole pair (2.7 eV), and consequently there are a larger number 
of information carriers per gamma quantum. The re la tive  s ta t is t ic a l  
variation of the e lectrica l pulse for a given y-ray is inversely 
proportional to the square root of the number of the information carriers
(electron-hole pairs). This, in the case of a semiconductor crystal
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(Ge(Li), HPGe), results in a smaller fluctuation of the signal of a given 
y-ray. The radiation sensitive region of the detector acts as an 
in trinsic  region where the electron-hole pairs are created either 
thermally or due to radiation interaction. In re a l i ty  high purity 
semiconductor material does not exist in large crystals and therefore 
doping is adopted to bring about the same material response. The pure 
germanium used for the construction of Ge(Li) detectors is s lig h tly  
p-type. In order to create an in trinsic  like depletion region, lithium  
which acts as an electron donor material is drifted across the crystal.
To reach proper compensation, an exact balance between the donor's 
impurities and the acceptor's impurities must be reached. The ion d r i f t  
process is used to establish the balance. The u t i l iza t io n  of this 
process allows the creation of a re la t iv e ly  larger sensitive region in 
the crystal (10-15 mm). The crystal is kept at liquid nitrogen 
temperature to avoid lithium redistribution as well as to prevent the 
thermal creation of electron-hole pairs from taking place.
When a high e lectric  f ie ld  is present across the crysta l, an 
electron-hole w ill d r i f t  towards the respective cathode. Electromagnetic 
radiation impinging on the crystal w ill  create electron-hole pairs, the 
number of which is proportional to the y-ray energy. Their collection  
gives rise to an electronic pulse. A preamplifier intimately connected 
to the detector amplifies the signal for further processing.
In the last f if teen  years high purity germanium has been obtained in thin 
wafer forms, its employment for X and soft y-ray detection is common. 
Larger crystals are obtainable allowing the employment of HP Ge in higher 
enegy gamma ray detection. However, i t  is common practice to keep the HP Ge
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detector at liquid nitrogen temperature at a ll times for better
s ta b il i ty .
2.8.1 The counting system
Figure (2.10) and figure (2.11) show the cyclic activation system CAS on 
the reactor at the Imperial College Reactor Centre. The system includes 
both Ge(Li) and HPGe detection chains, a pneumatic transport system for 
sample handling, and a minicomputer for data processing and experiment 
control. Samples in polyethylene vials are transferred from the carousel 
to the reactor for irrad iation, then to the measurement position for 
counting and f in a l ly  ejected from the system. The system can
accommodate 36 samples at any given time and has the possib ility  of
aluminium or cadmium covered irradiation positions. I t  also has 
different modes of irradiation and counting including the cyclic mode. 
The minicomputer, ND6700, controls the measuring chain, and is provided 
with an MCA terminal that displays the spectrum and its  relevant 
information. The control of the experiment is done through compiled and 
linked programmes to the operating system. A job stream can be written 
as a set of commands to these programs i .e .  turn on the measuring chain,
store a spectrum, clear a spectrum . . .  etc. [24]. The system could 
accumulate a maximum of 99 spectra and could handle four ADCs at any 
given time.
2.8.2 The measuring chain
The detectors are connected to the high voltage power supply, and a 
preamplifier which in turn is connected to an am plifier. The amplifier
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Fig. (2.11) The CAS System located on the top of the reactor
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further amplifies the signal and shapes i t  accordingly. Pulse shaping 
for the best resolution is set by the user; longer shaping time allows 
for fu l l  charge collection and therefore better resolution. This however 
w ill prolong the processing time causing a longer measuring chain 
deadtime. Typical shaping times are usually 1 and 2 microseconds. Once 
the final shaping and amplification are performed the signal may be fed 
to an analog to d ig ita l convertor. The pulse height is used to increment 
the content of a corresponding memory address. The ADC cannot process 
another signal from the time a given signal arrives, to the time the 
corresponding memory location is updated. This is the ADC dead time and 
similar dead times exist for the rest of the measuring chain. This 
measuring chain dead time is not a linear combination of the individual 
dead times of each component, and therefore an experimental procedure is 
employed to measure i t  for the measuring chain as a whole. A 
multi-channel analyzer is connected to the ADC to display the spectrum 
which is a graphic representation of the updated counts of each memory 
location (the channel), and other useful information about the spectrum.
Because of the diversity  of ways a y-ray can interact with the detector 
material and the different detector responses possible, a y-ray beam with 
a given energy and flux w ill not simply register as a given count in a 
channel but rather as a complete spectrum with several components. I t  is 
the quality of this spectrum that determines the accuracy of the 
detection of a given y-ray. Detector effic iency, energy resolution, 
photofraction and time resolution are important parameters in activation  
analysis and i t  is these parameters that determine the characteristics of 
the spectrum.
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2.8.3 Detector efficiency
In principle not every gamma-quantum emitted w ill strike the detector, 
moreover not every gamma quantum that strikes the detector w ill register 
and even i f  i t  does only a fraction of its energy might register. For 
these and other reasons i t  is v ita l to have an accurate figure for the 
efficiency of the detector over the energy range of interest. Detector 
efficiency can be expressed as the ratio  of the number of counts recorded 
to the number of Y-rays emitted by the source (absolute e ffic iency). On 
the other hand in trinsic  efficiency is defined as the number of counts 
recorded to the number of gamma quanta impinging on the detector's 
crystal. The two efficiencies could be related by the solid angle for an 
isotropic source. At low energy (<10 KeV) the detector efficiency is 
restricted by the detector casing, at re la t iv e ly  higher energies (10 KeV 
to 0.5 MeV) the detector efficiency is enhanced since more and more 
Y-rays w ill be able to penetrate the detector casing and deposit the ir  
energy deep in the crystal. The efficiency however w ill decrease at
energies higher than 0.5MeV due to substantial reduction in the 
photoelectric cross section. At energies above -  5 MeV the pair
production becomes the dominant interaction, and the photopeak effic iency  
becomes smal1 .
2 .8 .4  Energy calibration and energy resolution
As has already been’mentioned, for a given Y-ray energy a given number of
charge carriers w ill  be collected. The larger the number of charge
carriers per gamma quantum the smaller is the re la tive  variation of the
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magnitude of the corresponding pulse. The pulse is proportional to the 
energy of the y-ray, and therefore a calibration curve could be 
established to identify unknown y-rays. Due to variation from linearity  
for a given region of interest energy calibration is carried out by 
several y-ray energies and f i t te d  by second to third degree polynomials. 
For the above reasons as well as the variation in the system s ta b il i ty  
due to inherent response of the detector and electronic and s ta tis tica l  
variations, the amplitude of a given pulse w ill vary for a given gamma 
l ine . This variation is described by the detector resolution, which is 
defined as the ratio  of the fu l l  width at half maximum to the energy of 
the photopeak. Energy calibration and resolution are important 
properties of a given detection system to be used for quantitative  
analytical work. 'For the simulation of a gamma-ray spectrum, well 
defined functions describing the energy resolution, energy calibration  
and efficiency have to be established.
2.8.5 Photofraction
We have mentioned that not a ll registered counts are necessarily 
photopeak counts, therefore i t  is important to be able to distinguish 
between counts registered in the photopeak to those registered in the 
Compton continuum. The ratio  of the photopeak counts to the total counts 
of the whole spectrum of the given photopeak is known as the 
photofraction. I t  is desirable for detectors used for activation  
analysis work to have a high photofraction. Since the d ifferent  
radiation interaction cross-sections change with energy, photofraction is 
a variable function of energy and should be determined for the energy 
range of in terest.
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CHAPTER THREE 
SHORT-LIVED ACTIVITY AND OPTIMISATION
3.1. Introduction
When dealing with complex activation and decay modes, the determination 
of induced ac tiv ity  and optimum procedures for irradiation and decay are 
very useful. I t  is obvious that computers are most suitable for such a 
job. Optimisation is based on maximising the ac tiv ity  of interest to the 
total ac tiv ity  of the matrix [25, 26]. But for gamma ray spectra only 
a c tiv ity  producing higher energy y-rays or Bremsstrahlung radiation  
contributing to the background affect the fu l l  energy photopeak. Before 
a detailed study of the problem can produce a meaningful resu lt, several 
aspects of the problem have to be examined closely.
Since we are most interested in the u t i l iza t io n  of short-lived ac tiv ity  
in instrumental neutron activation analysis, i t  is important to bring the 
short-lived ac tiv ity  constants, such as reaction cross-sections half 
lives, and gamma ray energies and yields, up to date. Experimental 
evidence of the advantages of the cyclic mode is put forward along with 
the theoretical predictions. These advantages are compared to 
conventional neutron activation analysis. In so doing, some theoretical
derivations and experimental procedures are performed to produce a way of
modelling the problem. This eventually w ill  involve introducing an 
objective function and some constraints. Variation of such a function
with regard to the d ifferent variables w ill be i l lu s tra ted , thus allowing
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us to explore their significance with respect to optimisation.
Finally , optimisation results w ill be subject to comparison with 
experimental results, obtained in this work as well as by other 
researchers in the f ie ld .
3.2. short-lived ac tiv ity
Short-lived isotopes have considerable usage in N.A.A. Their use in 
determining the elemental concentration of biological, geological, 
industrial and environmental samples has been demonstrated [27, 28, 29, 
30]. The main advantage of a short-lived isotopes technique is its  
rap id ity . This also allows automation and computer control to be
h
introduced, hence making the technique useful for large analytical tasks. 
U tiliza tion  of short-lived isotopes is v ita l for other tasks where a long 
irradiation time is not possible as is the case for in vivo-N.A.A., or 
where the sample is physically available for irradiation for short 
periods as is the case for some industrial processes (e.g. the on-line  
analysis of a liquid flowing in a pipe).
The term short-lived isotopes is used to describe radionuclides with half  
lives ranging from a fraction of a second to several minutes [31]. Other 
elements with a large cross-section, or greater concentration could give 
detectable ac tiv ity  by short irrad iation , in spite of the ir re la t iv e ly  
long h a lf - l iv e s . Spyrou et al produced a compilation of short lived 
isotopes [32 ]. The compilation shows the numerous radionuclides that 
could be used in activation analysis, and points out the lack of accuracy
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in the information' available about them. The compiled data has been 
updated and along with the SAMPO program gamma-ray library  were used to 
construct a direct access data f i l e  for fast and e ff ic ien t re tr ieva l.  
(A p p .II) .  Table (3.1) gives an updated compilation of short-lived 
isotopes that could be used for analytical purposes.
Table (3.1) Compilation of short-lived isotopes for cyclic Neutron
Activation Analysis
No. radioisotope Reaction Energy(KeV) Ti2 o(b) h Q%'
1 20p 19 F( n 9 y ) 1632.6 11 .0 0.16mb 0.81mb 100
2 27Mg 26Mg(n,y) 834.8 9.45m 0.038 0.025 11.01
3
3?00CM 27A£(n,Y) 
28Si(n,p) 
31P(n,«)
1779.9 2.24m 0.231 0.17 100
4 to 00 o 37C1(n,y) 2167.6 37.3m 0.005 - 24.23
IT (660) 0 . 8s 0.425 0.4 24.23
5 49Ca ^C atn .y) 3084.4
143.0
8.72m
8.72m
1 .1 0.5 0.19
6 46Sc tt6 Sc(ny) IT(142.53) 18.7 17.0 8 .6 100
7 51 Ti 50Ti(n ,y ) 319.7
608.0
928
5.76m 0.179 0 .1 2 5.3
8 52V 51V(n,y) 1434.0 3.755m 4.88 2.7 49.75
9 56Mn 55Mn(n,y) 846.7 2.58hr 13.3 14.2 100
-  46 -
cont . . .
No. radioisotope Reaction Energy(KeV) Ti2
qfb) i—i
 
-< CD
1811.0
2113.0
10 59 Fe 58Fe(n,Y) 1099.0 114d 1.14 1 .1 0.31
11 60Co 59Co(n,Y) 58.6 10.48m 19.0 75 100
12 66 Cu 65Cu(n,y) 1039.2
833.5
5.10m 2.17 2.2 30.9
13 70Ca 69Ga(n>Y) 175.5 2 1 . 1m 1.7 16 60
14 75Gc 71*Gc(n,Y) 139.7 485 0.16 1.3 36.4
15 77 Se 76Se(n,ir) IT (162) 17.65 21 .0 *44 9.0
16 79Br 79B r(n ,n ') IT (207.3) 4.95 - - 50.69
17 80Br 79Br(nsY) 617.0 17.6m 8.4 96 50.69
18 86Rb 85 Rb)( n ,y ) 555.8 1 . 02m 0.05 7 72.17
19 "Nb 63Nb(n,Tc) 871.1 
IT (41.0)
6.26m 1 .1 9 100
20 101Mo 100Mo(n,Y) 871
590
1020
14.6m 0 .2 3.8 9.6
21 105Ra 10‘tRa(n,Y) 726 4.44hr 0.47 4.6 18.6
22 101*Rh 103Rh(n,Y) 555.8 
IT (51.4)
42.35
4.34m
134
11
l . l x lO 3
80
100
100
23 107Pd 106Pd(n,Y) 214 21.35 0.28 6 27.3
24 109Pd 108Pd(n,Y) 188.9 4.69m 0.0131 0 .2 26.7
25 110Ag 109Ag(n,Y) 657.7
884.6
24.6m 88 1.4x l03 48.17
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cont
No radioisotope Reaction E(KeV) t
2
o(bj i—
i 
-< CD
26 116In 115 In (n ,Y) 1293.5 54.1m 70 2.7xl03 95.7
27 123Sn 122Sn(n,Y) 159.7 40.1m 0.001 0.15 4.7
28 125Sn 121,Sn(n,Y) 332.0 9.5m 0.13 7.0 5.8
29 122Sb 121Sb(n,Y) 61.5 42m 0.06 -205 57.3
30 121,Sb 123Sb(n,Y) 602.7 93 S 42.7
31 128 r 1271(n ,Y) 442.9 25.0m 6 .1 1.5xl02 100
32 13“Cs 133Cs(n,Y) 127.5 2.9hr 2.5 30 100
33 137Ba 136Ba(n,y) 661.6 2.55m 0 .011 0 .1 7.8
34 139Ba 138Ba(n,Y) 165.5 82.9m 0.4 0.3 71.9
35 11,9Nd llt8 Nd(n,y) 211.3 1.73hr 2.5 16.0 5.7
36 i5 °Nd 150Nd(n,y) 138.7 12.4m 1 .2 17.0 5.6
37 155Sm 151fSm(n,y) 104.3 22.4m 5.0 3 x 102 2 2 .8
38 152Eu 151Eu(n,T ) 121 .8 9.3hr 5.8xl03 3.3xl03 47.8
39 161Gd 160Gd(n,y) 360.9 3.7m 0.77 10 21.7
40 165dy 16i+DY(n,y) 108.2 1.26m 1 . 8x l03 4.0xl02 28.2
41 167Er 166Er(n,y) 207.8 2 2 S 5.0 1 0 .0 33.4
42 171Er 170Er(n,y) 308.2 7.42hr 5.7 40 15.0
43 l76Yb 177Yb(n,Y) 104.0 6.4sec 2.4 8 .0 12.7
44 176Lu 175Lu(n,Y) 88.4 3.68hr 4.0 100 97.4
45 179Hf 178Hf(n,y) 217 18.9sec 40 1.9xl03 27.2
46 192Ir 191 Ir (n ,y ) 58.0 1.45m 5.4xl02 3000 37.4
47 l " p t 199Pt(n,y) 548.8 30.8m 3.7 50.0 8 .2
-  48 -
c o n t . . . .
No Radioisotope Reaction E(KeV) \
2
a(b) i—
i 
■< CD
48 i99pt 198Pt(n,Y) 391.9 14s 0.027
49 197Au 197Au(n,n') 279.3 7.2s 95.8 1.56xl03 100
50 233Th 232Th(n,Y) 95.9 22.3m 7.4 85.0 100
86.5
51 239U 235U(n,y) 74.7 23.5m 2.7 2.8xl02 99.28
3.3 . Optimisation techniques:
Optimisation involves maximising or minimising a function (known as the 
objective function) which possibly is subject to some restric tions.  
Classical optimisation depends on analytical procedures to derive f i r s t  
and second derivatives. At the optimum conditions these derivatives 
vanish. The classical approach, summarises in introducing Lagrangian 
m ultipliers and hence introduces both the function and its constraints as 
a Lagrangian function. Its  partia l derivatives with respect to each 
variable should vanish at a given maximum, minimum or sadel point. 
Higher derivatives decide whether that point is a maximum or a minimum 
for a given f (x )  subject to constraints
gi(xj) - bj (3.1)
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The Lagrangian function is given by:-
n
F (x,A) = f (x )  + (bj -  9i (xi )) (3.2)
n
where A] is the i-th  Lagrangian m ultip lier. The n conditions necessary 
for a constraint local maximum or minimum of F (x j) are:-
obviously this w ill have a limited application in real l i f e  for most 
optimisation problems are too complicated to derive the ir  partia l 
derivatives . Thus most practical problems, are treated through 
numerical solutions translated to computer algorithms. These techniques 
can be divided into two broad categories; special techniques, which 
X employ the classical aproach with some modification (Simplex, quadratic 
programming, least square objective functions e t c . . . ) .  The other 
category includes the search methods. These methods depend on numerical 
evaluation of the function and possible numerical d if fe ren tia t io n . These 
are classified according to the function in question as single variable 
unconstrained, single variable constrained, multivariable unconstrained, 
and multivariable constrained. Numerous other approches, and 
classifications do ex is t. Table (3.2) shows a chart i l lu s tra t in g  some of 
the important ways by which these methods may be c lass ified . In our 
case, because the evaluation of the signal-to-noise ra tio  equation is 
less complicated than its derivatives, and because we already know the 
direction of function increase the numerical search for maximum is
J = 1, 2,  n (3.3)
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Table(3.2) Optimization Technique Classifications
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O
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E
Simplex X X X X X X X
Revised Simplex X X X X X X X
Integer Programming X X X X X X X
zero-One Programming X X X X X X X
Wolfe X X X X X X X
Differentia l X X X X X X X
Blau X X X X X X
Discrete D.P. X X X X X X
Continuous D.P. X X X X X X X
Linear Regression X X X X X
Gauss-Newton X X X X X X X X
Marquardt X X X X X X X X
Powell X X X X X X X
Coggin X X X X X X
Fibonacci X X X X X X X
Nelder-Mead X X X X X X
Hooke-Jeeves X X X X X X
Rosenbrock X X X X X X
Powel1 X X X X X X
Fletcher-Reeves X X X X X X X
Fletcher-Powel1 X X X X X X X
Box X X X X X X X
Constrained Rosenbrock X X X X X X X
Rosen X X X X X X X X
Fiacco-McCormick X X X X X X X X X
Constrai ned
Fletcher-Powel1 X X X X X X X X X
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adopted.
3.4. Signal and noise:
In any physical measurement, the signal to be measured is affected by 
random and systematic interferences (noise). The signal in the gamma-ray 
spectrum is the fu l l  energy photopeak of the gamma line of interest. A 
photon with higher energy could go through Compton scattering and 
register in the photopeak region. This w ill form a source of noise to 
the signal of interest. Another source of noise is a 3 -partic le  giving 
Bremsstrahlung radiation with energy within the fu l l  width half maximum 
of the energy of interest. Even though there exist other sources of 
noise such as environmental background, reactor noise, and contribution 
of other sources close to the detector, the Bremsstrahlung and Compton 
scattering contribution are the main contributors to noise and also the 
ones that could be minimised by adopting an alternative procedure. The 
signal is represented by the fu l l  energy photopeak area and the noise is 
given by the square root of the area underneath the photopeak Fig. (3 .1 ) .
Since the build-up and decay of these components would take the same
physical principle of build-up and decay as the signal i t s e l f ,  i t  allows 
us to model its contribution in a similar fashion as the signal but with 
a d ifferent h a l f - l i f e .  The h a l f - l i f e  of the background could be measured 
experimentally. In re a l i ty  this h a l f - l i f e  w ill  be an averaged one for 
several contributions of short and long lived a c t iv it ie s .  To bring about
a real background-like affect, contributions with both short and long
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lived effects are introduced. The background half-lives are set to
where t^ is the h a l f - l i f e  of the signal of interest and P is the 
multiplication factor. The signal-to-noise ratio  is expressed as
sDc
/ z ^ c i  (3 ,5 )
where SDC - is the cumulative detector response for the isotope of 
interest.
and I bDc . - is the summation of a ll cumulative detector responses 
for the radiation contributing to the underlying noise.
The extent to which each component contributes to the background is 
controlled by a factor whose value could be set anywhere between 0 and 
1. We can regard this factor as a "control knob" which varies the effect  
of that particular component a ll the way from zero up to its  fu l l  value.
3.5 . Optimisation procedures:
Since our aim is to u t i l iz e  short-lived isotopes, i t  can be shown 
F ig .(3.2) that i f  the total experiment time is greater than about f ive  
h a lf- l ives  of the radionuclide of in terest, then cyclic activation is 
more sensitive than the conventional mode of analysis.
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Fig. (3 .2) Variation of cyclic and conventional 1signal-to -noise1 
ratio  with total experimental time
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Before we indulge in closer examination of the behaviour of our model we 
should introduce some useful experimental and theoretical aspects.
Since the transfer time between irradiation and counting and between 
counting and irradiation reduces the ac tiv ity  available for counting, 
t w is set to t w' 'and set to the minimum transfer time of the real 
system. I t  could also be proven (see Appendix I I I )  that the optimum 
condition is met when time of irradiation is equal to the time of 
counting. Another parameter is the total experiment time t-t; factors 
that control the total experiment time are numerous. Total experiment 
time could be limited to a short time due to dose limitations or 
a v a ila b il i ty  of sample. In general, the amount of time that could be 
spent on one sample in one experiment making use of short-lived a c tiv ity  
is limited. In addition, for our model extending the experiment over a 
long time or even an unlimited period would introduce an error to the 
estimation of the contribution of the background. This would be due 
mainly to the sh ift  in the background contribution from short-lived  
contributions to longer lived ones. With these thoughts kept in mind, 
unlimited experiment time has been tr ied  in order to explore its  
differences and agreements with the limited case. The above constraints 
could be summarised as follows:-
t  = t  1 %  Lw
^i = t c
t t  = nT where T is the cycle period given by 
T = t i  + t w + t c + t w' but t w' = t w
therefore T = t j  + t c + 2tw
Given a h a l f - l i f e  of in terest, an effective h a l f - l i f e  of the underlying 
background a c tiv ity  (usually a mixture of at least two components), and
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the transfer time of the system, an optimum number of cycles can be found 
for a given total experiment time. For the case of the unlimited 
experiment time the irradiation and counting time is set to 1.8 t i . 
For a ll practical purposes the total experiment time has to be decided 
upon by the analyst. I t  is usually governed by either the number of 
samples that have to be processed in a given day or other reasons 
mentioned e a r l ie r .  Since the recent trend is to accomplish INAA as a 
fast method, i t  has been decided to lim it the total experiment time to 5 
minutes per sample. The five minute period was decided on for practical 
reasons. The waiting time, designed to be as short as possible, may be 
limited by either the speed of the transport system, the industrial 
process, or may be as short as the electronic switching off of the source 
and commence of the counting, as in the case of in vivo activation 
analysis or in the pulsing of a neutron generator. In some cases, 
however, there could exist a very short-lived nuclide emitting a gamma 
ray with an energy larger than our energy of interest. This could favour 
f  prolonging the waiting time in order to avoid loss in the signal-to-noise  
y  ratio  as well as to avoid dead-time problems.
Optimisation is carried out by the absolute value technique since we 
already know the direction of the function increase. Setting up the mesh 
points as the number of cycles, the cycle period, and therefore the time 
of irradiation counting could be set for a given transfer time and preset 
total experiment time. For the unlimited experimental time case, time of 
If irradiation and counting are set as 1.8 t j  and the cycle period is 
established for a given transfer time. The choice of 1.8 t^ has been 
proven to be the optimum time for irradiation and counting for a 
conventional activation cycle [33 ]. I t  should be kept in mind that the
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background is only being estimated as far as both magnitude of 
contribution and h a l f - l i f e .  This estimation of the h a l f - l i f e  is kept 
constant throughout the experiment and therefore a total experiment time 
largely varying from those used to obtain the cumulative h a l f - l i f e  w ill  
introduce an error.
3.6. Computer program description:
The program written for optimisation 'OPTIMA' is written in Fortran 77, 
and consists of a main program and three major subroutines. The main 
program accepts the input for the given problem in the form of numerical 
data (h a l f - l i f e ,  gamma-ray y ie ld , cross section) and information about 
what the user requires (constant experiment time, flux variation, 
calculation of other detectable h a lf - l iv e s , graphical output e tc . ) .  
F ig .(3 .3 )) shows a flow chart of the program. Optimisation is carried
out for a limited and unlimited experiment time.
I )  For the limited experiment time:-
Since the total experiment time is limited the program calculates several 
runs for user f l e x ib i l i t y  and choice. F ile  (T0TAL1) gives the f i r s t  
total experimental time vs number of cycles. The cycle period, t^, 
Tc and the input parameters are put in the general result f i l e  
(G-RESULT) the optimised time parameters w ill  then be used for the 
calculation of the response of another flux (e.g.resonance) with a 
different cross-section. Output in f i l e  (FLUX) is for the optimised 
parameters, the other detectable ha lf- l ives  are calculated as well and 
put in f i l e  (DETHL). Files (T0TAL2, T0TAL3, T0TAL4, T0TAL5, T0TAL6,
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Fig. (3 .3) Flow diagram of the optimisation program OPTIMA
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T0TAL7) are used for the output of the other total experiment 
times(s)introduced by the user.
I I )  For the unlimited total experimental time:-
The cycle period is estimated to be 4 h a lf - l ive s , then optimised by the 
program, the total experiment time is increased until an optimum time is 
reached. The signal-to-noise ratio is calculated for each t-^, results 
of which are put in f i l e  (T<5T) the Total experiment time with the largest 
signal-to-noise ratio  is then used to calculate, the response with 
different f lu x , output in (DOSE) the other detectable radionuclides are 
calculated, and the output is found in a f i l e  called (RES). The program 
turns control to graphics to output any plots needed. the numerical 
output is made possible by the subroutine QPrint, which allows the 
printing of any f i l e .  The program w ill then allow the user to run other
optimisation conditions, and repeat the above process.
All input parameters are fed in through the terminal via a dialogue with 
the user. The programme considers that the waiting time is constant for 
one experimental run.
3.7. Results
As a result of the new approach to data acquisition, spectral data
storage for individual cycles is possible with ease.This allows us to 
show the actual experimental growth of the signal. Fig. (3.4) gives the 
Se signal growth for one, three and seven cycles. This c learly  shows
experimentally that the signal is enhanced in the cyclic mode.
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The signal-to-noise (S/N) ra tio  obtained experimentally is shown in 
Fig. (3 .5 ) .  The ratio  grows rapidly and i t  levels off because of the 
accumulation of the background. This background in the matrix is due to 
a re la tive ly  short background, Cl-38 11 = 2Z00s, and a longer lived one
Na 24 t i  = 15 hr. The variation of the signal due to these two major
interfering elements is shown clearly in the figure. Theoretical 
calculation of the variation of the S/N ratio  with the number of cycles 
for experimental time of 300s, and different waiting times ( t w = 0.0, 
0.4 , 1.0s) is shown in f ig .  (3 .6 ) .  This shows that an optimum number of 
cycles does exist for a given total experiment and waiting times. This 
also shows that the waiting time is an important factor that should be
kept minimum for a global maximum.
Variation of the optimum signal-to-noise ratio  with respect to the total 
experiment time for ,two different background h a lf- l ives  is given in 
Fig. (3 .7 ) .  One for the noise having a h a l f - l i f e  of an order of 
magnitude higher than the signal P = 10, and the other for P = 100. I t  
shows very clearly that the signal-to-noise ratio  is heavily dependant on 
the cumulative noise h a l f - l i f e .  I t  also shows that the S/N ra tio  varies 
almost linearly  with optimum experiment time after a certain value.
Other radionuclides producing photopeaks having the same background,
could show up in the spectrum provided that the ir  h a lf- l ives  are
comparable to the h a l f - l i f e  of in terest. I t  is desirable to be able to 
judge which radionuclides would have a f a i r  chance of detection.
Fig. (3.8) shows the signal-to-noise ra tio  of other radionuclides as a 
function of varying h a lf - l iv e s . From the figure i t  is obvious that a 
cut-o ff h a l f - l i f e  which would distinguish between detectable and
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undetectable h a l f - l i f e  is d i f f ic u l t  to draw. Other radionuclides that 
are of interest would either have to be optimised for separately or 
quantitatively judged from such an output. Actual results w ill  only be 
obtained when experiments are conducted.
<v
This w ill lim it the app licab ility  of the optimisation t o j  single 
element. A n o th e r  two parameters that the analyst could vary, and
therefore could affect the S/N ratio  are mass and neutron f lu x . Although 
the dependancy of the signal on both parameters is linear and cannot be 
optimised, other effects have to be realised so as to ensure that the
analyst gets the best and most precise signal. Signal-to-noise ratio  is 
directly  proportional to the mass sample and therefore higher mass means 
higher signal-to-noise ra tio .  In real analysis however, this could 
introduce dead time problems. Depending on the material in question,
there exists an upper lim it on the mass of the sample beyond which any
attempt to carry analysis is impossible solely due to high deadtime.
This is more pronounced for short-lived ac tiv ity  due to the higher
disintegration rate . At the other end, where mass is reduced, the given
mass of the subsample is no longer representative of the material to be
analysed. At this stage one would only comment that a representative
mass should be used, and that dead time should be kept below 15% to avoid 
any distortion in the shape of the fu l l  energy photopeak. We shall
however come back to this point in a la ter chapter.
The other parameter is the f lu x . Even though the flux of a given
f a c i l i t y  is fixed, i t  is useful in many cases to see the advantage in
going to a higher flux and in return reducing the total experiment time 
accordingly. This applies to cases where dose lim itation is to be taken
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into consideration. I t  also applies to reactors that could be pulsed, 
and cases where a neutron source is to be manufactured for incorporating 
into a system for analysing a material passing in a tube or a conveyor 
belt. Fig. (3.9) shows the signal-to-noise ratio  for a varying flux  
with a constant fluence (constant integrated flux in time). This is 
introduced by increasing the flux by a given factor (2, 3, 4 . . . )  and 
reducing the total experiment time by the same factor (}£, 1/3 . . . ) .  I t  
can be seen that u t i l isa t io n  of a higher flux and shorter experiment time 
enhances the S/N of short-lived ac tiv ity  and therefore this should be 
kept in mind when choosing a neutron source for the fast analytical 
procedure.
Optimisation output has shown that for selenium detection via a h a l f - l i f e  
of 17.6s in an Animal blood matrix, with backgrounds of Cl-38 t  ^ - 2200 
s and Na. 24 t i  = 15 hr being introduced that for a total experiment 
time of 300s an optimum number of cycles was found to be 36 cycles. This 
would have meant a cycle consisting of approximately 4s irrad ia tion , 4s 
counting, and 0.4s transfer time. Experimental work was conducted in 
order to obtain experimentally an optimum signal-to-noise ra t io .  The 
modes used were a ll of a total experiment time of approximately 300s. 
Modes used were (30-4-30) 5 cycles (19-2-19) 7 cycles, (15-.4-15) 10 
cycles and (10-4-10)15 cycles. Other modes were tr ied  by mainly changing 
the waiting time. Results indicate that a maximum signal-to-noise ra tio  
experimentally obtained at (19-2-19) 7 cycles Table (3 .3 ) .  This
obviously contradicts our output from the optimisation procedure. The 
contradiction could be attributed to variation of the actual and the 
estimated background h a lf - l iv e s .  I t  also to some extent depends on the 
variation of the waiting time. But the dynamic nature of the background 
is by far the most important factor of discrepancy. The animal blood
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sample irradiated in the optimum mode s t i l l  shows in its spectrum an 
accummulat ion of longer lived ac tiv ity .
This in effect shows that the build up of background with longer lived
h a l f - l i f e  is more pronounced than expected. Fig. (3.10) shows the
cumulative detector response of an animal blood sample irradiated and 
measured in (19-2-19) 7 cycle mode. I t  could also be concluded that the 
transfer time has less effect on the background build-up. Shorter lived 
a c tiv ity  (than our signal) on the other hand could affect the output by 
both the reduction in the signal-to-noise ra t io ,  and introduction of a
larger dead time. Any re a l is t ic  approach would have to take this into
consideration. Since optimisation was introduced to assist in arriving  
at a larger signal-to-noise ratio  in a shorter time, and therefore to be 
able to deal with analytical problems more rapidly and e ffec tive ly , the 
idea of assessing the background experimentally should be avoided; 
especially as such assessment only produces a background h a l f - l i f e  that 
is only applicable for optimisation procedures similar to the condition 
used to produce the background h a l f - l i f e  in the f i r s t  place.
From the above, to conduct the optimisation in better fashion, the 
following points have to be kept into consideration:
a) For short ac tiv ity  measurement the waiting time in most cases should 
be kept to the minimum transport time. However i f  super short-lived  
a c tiv it ies  ex ist, a longer waiting time might have to be considered to 
avoid loss in the signal-to-noise ra t io ,  but more importantly to avoid 
high and rapid changes in deadtime. For a biological material such as
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blood, Cl-38m with t x = 0.7s is an ideal example.
2
b) Experimental values obtained for the background h a l f - l i f e  by 
measuring its growth cycle by cycle [34,35], give only a value 
corresponding to the total experiment value as a main factor and to the 
mode used as a secondary factor. Incorporation of such a value in the 
optimisation lacks the capability of introducing the background dynamic 
e ffec t. In addition i t  s t i l l  requires some experiments for its  
evaluation. In general the background effect is underestimated,
especially for longer experiment times.
c) The signal-to-noise ratio  varies more or less linearly  with respect
to the total experiment time in the range of 10-100 t i . This gives the
analyst the choice to select the total experiment time according to the 
time available and number of samples to be analysed.
d) Cooling time should be u tilised to the advantage of signal-to-noise  
ra t io ,  and should not be thought of as a variable that should always be 
kept to a minimum.
e) Since optimisation using the above mentioned approach fa l ls  short in 
f u l f i l l in g  prediction and agreeing with experimental results, another 
alternative should be brought forward. This a lternative is the
optimisation using the simulation of the entire system of irradiation and 
counting of a sample.
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CHAPTER 4 
SIMULATION OF THE GAMMA-RAY SPECTRUM
4.1 . Introduction
The concept of simulation has only re la t iv e ly  recently been introduced 
to neutron activation analysis as an aid to the analyst. In activation  
analysis i t  is common procedure to conduct a t r ia l  experiment to arrive 
at optimum conditions for detecting a given element. This was carried 
further by introducing tables of thermal-NAA "interference-free" limits  
of detection for various conditions [35,36], The application of such an 
approach for real samples has serious set-backs for obvious reasons. 
This was substantially improved by introducing the simulation of 
gamma-ray spectra which made i t  possible to obtain information on limits  
of detection by INAA for any specified conditions, for any kind of sample 
matrix material, provided that average or typical elemental composition 
information is available. However, i t  is d i f f ic u l t  to apply to 
short-lived ac tiv ity  since small changes of irradiation conditions would 
have a large effect on the detection of a given gamma-ray energy as was 
shown in Table (3 .3 ) ,  in the previous chapter. In addition, the analyst 
would only arrive at the optimum mode of the d ifferent procedures chosen, 
which might d i f fe r  from the best possible conditions. Short-lived  
isotopes have been shown to be better detected by using cyclic  
activation, which has not been employed by other codes to date. Because 
of these reasons we have integrated both concepts (optimisation and 
simulation) to arrive at an optimised procedure and hence at an optimised
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spectrum for the detection of a given element in a given matrix [37]. 
The simulation output forms the input to the signal-to-noise ratio  
optimisation routine devised in the previous chapter. This also makes 
the need for cumulative background h a l f - l i f e  estimation, underlying the 
fu l l  energy photopeak of interest for optimisation, avoidable. The work 
presented here can * in addition perform simulation of both cyclic and 
y conventional activation, separately. The code uses the original models 
for simulation presented by Guinn [38] and Zikovsky [39], and i t  has been 
extended to cover theoretical calculation of the Bremsstrahlung 
spectrum. This w ill allow a better assessment of the signal-to-noise 
ratio  of photopeaks at the low end of the spectrum. Simulation of the 
single and double escape peaks has also been included. Sensitiv ities and 
detection limites are deduced from the optimised or merely simulated 
spectrum. Interference from other gamma-1ines is iden tif ied , i f  
applicable. In addition a graphical output of the simulated spectrum and 
a lis ting  of the optimised activation parameters detection l im its , and 
sensitiv it ies  are produced. Examples for both the optimisation and 
simulation for standard reference materials are given together with 
measured spectra.
4 .2 . Simulation modelling:
In order to carry out proper simulation of a gamma-ray spectrum for INAA 
purposes, i t  is important to simulate the sample parameters and 
irradiation conditions as well as the detection system and its  various 
responses. Sample parameters are characterised by sample size, elemental 
composition, and the response of the d iffe ren t isotopes to the neutron
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flux used. Irradiation conditions are governed by the flux magnitude, 
the mode of activation and timing parameters. The detection system is 
simulated through models describing the pulse height spectrum (photopeak 
shape, Compton continuum pro fi le , Bremsstrahlung p ro fi le , etc) and the 
characterisation of the detection equipment (photopeak effic iency, 
photofraction, energy ca lib ration).
4 .2 .1 . Mathematical models:
Simulation of the ac tiv ity  of a given radionuclide is brought about by 
introducing the sample parameters and irradiation conditions into the 
relevant activation equation (cyclic or conventional). Simulation of the 
pulse height spectrum is performed using previous simulation methods
[38,39]. Namely the fu l l  energy photopeak is represented by a tr iang le ,  
and the Compton continuum by a rectangle. Single and double escape peaks 
are also simulated in the same fashion as fu l l  energy photopeaks. The 
detector response (photopeak area for the CAS system where the 
sample-detector geometry is constant) depends on the absolute effic iency  
of the detector in question, a quantity which relates the number of 
photons of energy E emitted by the source to the number of counts in the 
photopeak of that energy. A simple formula is introduced [40].
e(E) = aE"b (4 .1 )
where a and b are empirical parameters for a given system. The 
effic iency at the lower energy end of the spectrum however, (<100 KeV) is 
substantially reduced due to the self shielding of the detector casing 
f ig .  (4.1) and therefore a more re a l is t ic  equation has been tr ied  [41].
-  72 -
8 (E) = a(E"b - c expt (-dE)) (4.2)
where a, b, c and d are constants.
From the above equation the fu l l  energy photopeak area is established. 
The total counts registered in the Compton continuum are calculated using 
the photofraction. The photofraction is defined as the ratio  of the fu l l  
energy peak area over the total area of the pulse height spectrum due to 
that gamma ray and is given by:-
1 '+ BE TA
where E is the photopeak energy, and B is a constant determined by 
experiment for the detector of interest f ig .  (4 .2 ) .  The position of the 
photopeak is given by its energy translated into a channel number and the 
Compton edge is given by.
1+h A
where A = E/511 and E is ii KeV. The translation of any energy E of 
interest to the corresponding channel number is obtained by a quadratic 
energy calibration equation.
The f in a l shape of the photopeak is dictated by the resolution of the 
system, which is introduced as the fu l l  width at half maximum (R) and 
is given by
PF(E) = 1 = PA (4.3)
CE = E (4.4)
R2 = (4 .5)
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Where and are constants and E is the photopeak energy. This 
representation of the system resolution has been successfully 
incorporated into gamma ray spectra analysis [40,41].
In addition to the simple rectanglular representation of the Compton 
continuum, triangles are added, on either side of the Compton edge to 
give a better representation of the scattering spectrum by simulating the 
multiple scattering taking place in real systems. The single and double 
escape peak areas are calculated through functions that re late  the 
fractional efficiency of the single and double escape peaks to the 
efficiency of the photopeak [42]. This for the sake of simplicity is 
reduced to a polynomial function giving the fractional count of the 
single or double escape peak with respect to the count of the fu l l  energy 
photopeak. For example for a given fu l l  energy photopeak area (PA) and a 
single escape peak area (SA) produced from a given energy introducing a 
pulse height spectrum with a total area (TA), the total gamma quanta 
emitted with energy E is EA the photopeak efficiency,given by
e(E) = PA 
EA
(4.6)
and the single escape peak efficiency is given by
es(E) = SA 
EA
and hence the ir  ra tio  is
(4.7)
e(E) = PA *  EA = PA 
IJTE) TK SK SK (4.8)
This value is easier to calculate and re la t iv e ly  faster to work with. 
Fig. (4.3) gives the single and double escape peak ratios . The concept 
is taken after Seyfarth [43,44], but the ratios used are the peak areas 
ratios rather than the efficiency ratios. This for the simulation leads 
to the same simulated pulse height spectrum. These ratios are introduced 
as polynomials f i t te d  to the limited experimental data obtained.
The signal-to-noise ratio  of low energy y and x-rays, is substantially  
affected by the Bremsstrahlung radiation. Other prediction programmes
[38,39] do not take this effect into consideration whereas another 
attempt [45] introduced an empirical formula which only presents a 
general description of the spectrum. This, even though i t  satisfies the 
simulation aspect of the problem, fa l ls  short of satisfying the 
optimisation side. In order to introduce such an effect taking into 
account the h a l f - l i f e  of the beta-emitter, energy and intensity of the 
beta-partic le , the Bremsstrahlung component of the pulse height spectrum 
was calculated theoretica lly  for radioisotopes that are beta-emitters. 
this was achieved by evaluating the Bremsstrahlung emitted from a thick 
target.
4 .3 . Simulation of the Bremsstrahlung spectrum
4 .3 .1 . The Bremsstrahlung spectrum:-
The aim is to approximate the Bremsstrahlung component in a simulated 
y-ray spectrum. In a thin target an electron by defin ition suffers one 
radiative interaction Fig. (4 .4 ) .
-  76 -
Since the energy of the beta-particle is re la t iv e ly  low (<5 MeV) and the 
elements of interest with which i t  w il l  interact are light elements 
(e.g. A l), the Born approximation limitations
2ttZ < 1 and 2ttZ < 1 (4.9)
W e  1373
are satisfied . For a thick target at the end of the 3-partic le  path, 
the Born approximation breaks down and i f  E0^EY the Born approximation 
is not valid . To keep the calculation volume manageable Coulomb, and 
screening corrections are not performed. Such corrections are most 
important for extreme re la t iv is t ic  cases. Such limitations are therefore 
inherent in our derivation. From Fig. (4 .4 ) .
? E0 = E' + e + Ey (4.10)
The quantum mechanical equation for a th in-target Bremsstrahlung derived 
by Bethe and Heitler [46] uses the Born aproximation and provides an 
accurate cross section but gives more information than required here.
The d iffe ren tia l cross-section is given by:
(4.11)
dc(EY,60,e) = l 2ek dEY P' dOydflc ( P2sin2e
277137 ~ e7 ~  p ’ I  (E'-Pcose)2 .
. (4E2 - cf) + P2sine0 . ( 4E12 - q2 )
(E'-pcose0)2
-  2PP'sine Q cos*
(E'pcoselfEo-PoCoseo)
+ 2EY2 (P2sin2e + P0sin2e0 - 2PP0sinesine0 cos<{>)
(E1 - Pcose) (E0 - P0 cose0)
-  77 -
EqjE' -  in i t ia l  and final total energy of the electron in m0c2
units
P0,P - in i t ia l  and final momentum of the electron in m0C units
Ey - energy of the emitted photon in m0c2 units
e0,e -  angle of P0 and P with respect to Ey
<j> -  angle between the planes (P 0 , E y )  and ( P , E y )
dOy - element of solid angle in the direction of Ey
dac -  element of solid angle in the direction of P
q - momentum transfer to the nucleus, in m0c units
= P0 + P - p2 = Pq2 + P2 + Ey2 - 2PoEyCOS0o 
+ 2PEyCos0 - 2PoP(cos0cos0o + sin0sin0ocos<(>)
Z - atomic number of target material
e -  1.6 x 10"19 coulomb
The above equation is d i f fe ren tia l in the photon and electron emission 
angles. I t  is not suitable since we are interested in the emitted 
photons rather than the electrons. Reference [47] has the result of the 
integration of the above equation over the electron emission angle. The 
resulting expression is d if fe re n tia l  with respect to the photon energy
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Ey and angle 0
8tt1 37 p
(4.12)
2(5E2 -E 2 ) 4E1 L r  4E s in 20(3E -P 2E) 4E2 (E2 +E2 ) o y ____  o_____  y o o o
Where
L = In
E'E - 1 + PPn o o
E'E. - 1 - PP o o
Q2 =p2  + e 2 - 2 P  cos e
0 y Y 0
a = Ert - P cos e 0 0
E' + p
e = I n ------------
E' - p
da is the probability that a photon of energy between E^  and Ey + 
dEY w ill be emitted within a solid angle dn centred at an angle 0 with 
respect to the direction of the incident electron. This is true for the 
thin target problem which has to be adapted for a thick target problem. 
A thick target could be thought of as a collection of thin targets
An incident electron on a slab of thickness At  ^ with an angle «j and 
azimuthal angle measured with respect to the normal line to the 
target is shown in Fig. (4.5)
Q - P
T  = I At,- (4.13)
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Fig. (4 .5 ) Geometry of the radiative co llis ion  in a 
thin target
Moving through the d if fe ren tia l thickness Atj the electron by 
defin ition  goes through a radiative interaction losing part of its energy 
and emerges through an angle a j+ i .  The radiated energy is carried by a 
photon with an angle e with respect to the in i t ia l  direction of the 
electron. The polar angle of the photon with respect to the normal line  
to the target is <j>. For the incident electron the direction cosines are
X = r sin *\ cos M = _x = sin * j cos ^  (4.14)
r
Y = r sin <*i sin if>j L = ^  = sin ^  sin \\>]
r
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Z = r cos «j n = 1 = cos «i 
r
and for the emerging gamma-ray
x = y  sin <p cos
Y = y  sin <f> sin ^
Z = y  cos <p
m' = sin <(> sin ipy 
L = sin <p sin
n' = cos ip
(4.15)
therefore cos 6 = mm' + LL1 + nn
= sin «j cos i|>j sin <p cos if>y
+ sin «-j sin ^  sin <p sin ^
+  COS « i  COS (j)
(4.16)
= sin oc^ sin <j> (cos \|>j cos ^  + sin ij>-j sin ipY)
+ cos cos $
= cos «i cos $ + sin sin <p cos (i|>-j -  )
Depending on the geometry one could f ix  the angle f  and call i t  the angle
of observation. For the slab, the probability of Bremsstrahlung emission
per unit of 3-partic le  flux in the direction 0 with respect to the
3-partic le  direction is given by
I t  was found la ter that the beta-partic le  interaction in the light  
element structures surrounding the irradiated sample (e .g . A1, 
polyethylene, e tc .)  is strongly forward peaked see Fig. 4.6) so that the 
angle independence of the interaction and the d if fe re n t ia l  cross-section is 
given by (48).
[ da (E1, Ey e) At-jN]j
■dE-ydn
(4.17)
-  82 -
Z2 R dk, P <„
d°k = — ! i  -  2E E'
i P. (3
'P2 + P2 1 EE
L P2 P2
(4.18)
E.E E'E
+ —  0 L
P3 P P0
8EoE K. {ES .E2 + Po P2 K   + 1   + ----
3P P o P3 P3 o 2P P o
E E 1 + P* o______ ■
P3
e +
2K.E1 E i o
p2 p2
where Z - the atomic number of the radiator material
R0 - 2.82 x 10"13 is the classical electron radius
K - energy of the emitted photon
E0 jE - in i t ia l  and fina l total energy of the elctron in a 
collision in (m0c2 ) units 
t 0 jt  -  in i t ia l  and fina l kinetic energy of the electron
Po “ [ t 0 (T0 + 2] , P -  [T(T + 2)]
eo - [~E0 + Po] e -& n f E + P"[ 
Le 0 + P0 J S LE - P j
npo.E + pqP ~
Equation (4.17) can be rewritten as
I" da (E,K (4 - 19)
B T  df!
and would be integrated over the radiator thickness. In addition several 
corrections have to be adopted. These corrections w ill  include:-
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-  beta partic le  backscattering
- energy loss in the radiator
- electron-electron Bremsstrahlung
- absorption and build up factors
1) Beta partic le  back scattering:
Beta particles emitted by the sample which impinge on the surrounding 
aluminium tube w ill penetrate into the aluminium and cause Bremsstrahlung 
to emerge and be counted in the detector as low energy gamma rays. Some 
portion however does scatter back and therefore reduces the beta-flux  
available for Bremsstrahlung production. Wright and Trump (Fig. 4.7) 
showed that the back scattering ratio  would be approximated by a straight 
1 ine
(4.20)
W = Wq + aE
where W is the backscattering ra tio  for beta particles with energy E, Wo 
and a are constants.
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Fig. (4.6) Angular dependence of the thick target Bremsstrahlung 
over photon energy for E1 = 2.35, E? = 2 .0 , Eq = 1-75 
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2) Energy loss in the radiator
Beta particles could lose the ir  energy by either ionization and 
excitation or by the emission of electromagnetic radiation. Energy 
loss due to ionization and excitation per unit path is known as the 
stopping power and is given by equation (4 .21), which was presented 
e a r l ie r  in Chapter 2.
The correction is introduced by substituting the d if fe re n tia l energy 
interval by its equivalent d i f fe re n tia l distance interval
T h is e f f e c t iv e ly  w ill  replace the integration along the radiator  
thickness to integration along the path of the electron over its  energy.
dX mov2 L 2 I2 (1-32 )
+ (1 - 32 ) + ( 1 - /1 - 32 )2
-1110 v2 E - ln2 (2 -  /1 -8 2 - 1 + e2 )
(4.21)
dt = dEY/(dEY/d t) (4.22)
dEY = (dEY)dt 
(^t)
(4.23)
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3) Electron-electron Bremsstrahlung
When an electron penetrates a substance not only can i t  interact with the 
nuclear f ie ld  but i t  can interact with the atomic f ie ld  of the electronic 
cloud. Joseph and Rohrlich [50] suggested that correction for this 
interaction can be brought about by replacing Z2 by Z(Z+1) in equation 
(4 .18).
4) Absorption and build-up factors
Bremsstrahlung radiation born in the radiator material w ill  like  any 
other photons go through the d ifferent radiation interaction mechanisms 
through which they either degrade their energy or would be absorbed. 
This w ill cause the ir  attenuation in the radiator, which is expressed by 
an exponential factor exp - (y t ) where y is the attenuation coeffic ient  
and t  is the target thickness. Attenuation correction of this kind is 
suffic ient for a well collimated beam. In our case however photons going 
through scattering and pair production do not lose a ll of the ir  energy. 
In fact they then represent a source of lower energy photons. Analogous 
to reactor shielding [51] one could define a build up factor as
B = Aj *  exp - ( a p t )  + A2 *  exp - (a2y t)  (4.24)
where Ax, a1# A2 , and a2 are constants for a given material at a given 
energy, (table 4 .1 ) .  The total absorption and build up factor of photons 
is therefore given by
B exp ( -y t )  = {Aiexpf-axyt) + A2exp(-a2yt)}exp ( -y t ) (4.25)
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Table (4.1) Attenuation and Buildup Coefficients for Aluminium [52]
K,MeV u,cm2/g A i "ai - a2 a2
0.10 1.69 x 10'1 8.00 1.10 X 10-1 7.00 4.40 X 10“2
0.20 1.22 x 10"1 8.00 1.10 X 10“1 7.00 4.40 X IO"2
0.30 1.04 x 10-1 8.00 1.10 X 10-1 7.00 4.40 X 10-2
0.40 9.30 x 10-2 8.00 1.10 X 10“:1 7.00 4.40 X i o - 2
0.50 8.40 x 10-2 8.00 1.10 X i o - 1 7.00 4.40 X i o - 2
0.60 7.80 x IO"2 8.00 1.10 X IO '1 7.00 4.40 X 10”2
0.70 7.30 x 10-2 8.00 1.10 X i o - 1 7.00 4.40 X i o - 2
0.80 6.80 x 10-2 8.00 1.10 X 10 '1 7.00 4.40 X 10“2
0.90 6.50 x 10-2 8.00 1.10 X i o - 1 7.00 4.40 X i o - 2
1.00 6.10 x 10“2 8.00 1.10 X IO"1 7.00 4.40 X i o - 2
1.50 5.00 x IO"2 6.75 9.40 X i o - 2 5.75 6.90 X IO"2
2.00 4.30 x i o - 2 5.50 8.20 X IO’ 2 4.50 9.30 X IO’ 2
3.00 3.50 x 10-2 4.50 7.40 X i o - 2 3.50 1.16 X 10"1
4.00 3.10 x 10“2 3.80 6.60 X 10”2 2.80 1.30 X 10"1
5.00 2.80 x 10-2 3.40 6.50 X 10"2 2.40 1.41 X i o - 1
6.00 2.60 x 10-2 3.10 6.40 X 10-2 2.10 1.52 X i o - 1
7.00 2.50 x 10-2 2.70 6.30 X IO '2 1.70 1.50 X i o - 1
8.00 2.40 x 10“2 2.30 6.20 X IO '2 1.30 1.50 X i o - 1
9.00 2.30 x 10-1 2.27 6.10 X i o - 2 1.27 1.39 X i o - 1
10.00 2.30 x IO"2 2.25 6.00 X IO”2 1.25 1.28 X i o - 1
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4 .3 .2 . Thick target formula
Considering our original approach of approximating the thick target by 
strips of thickness At, then the number of photons emitted from the ith 
strip with an energy EY per unit of 3-f lux  is given by
Nd is the number density of the material i .e .  the number of atoms per 
unit mass.
Ati is the ith slab thickness, 
da
clEy is the d iffe ren tia l cross-section for Bremsstrahlung emission.
Introducing the correction coefficients derived in sections ( 1 to 4)
and integrating over the thickness gives the photon intensity at a given 
energy Ey.
where P is the number of photons 
CF is the correction coeffic ient.
Including these correction factors and introducing the 3 -partic le  flux
number of photons = (da/dEY)thin x Ati x Nd (4.26)
V7(da/dEy)* CF/-(dE/dt) *  dE
(4.27)
Ptotal = Nd Ng Z ( Z  + 1 )  *  ( W ( E 0 , Z )
(dE/dt) dE.
Ey+1
(4.28)
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where t  = T -  R(En - E)
TEo -  l )
t  is the distance travelled by the photon before exiting the 
target. R is the beta-particle range.
I t  is assumed that all beta-particles are absorbed in the radiator. The 
above formula is coded and incorporated into the calculation of the 
Bremsstrahlung spectrum whenever the radioisotope in question is a 
beta-emitter. Fig (4.8) shows the calculated and measured spectrum of 
Bremsstrahlung produced in a thick aluminium target by a .55 MeV 
beta-beam.
4.4. Data requirement
In order to carry out proper simulation, sample data, detection system 
characterisation and raw nuclear data are required. The sample data 
summarises the sample weight, elemental concentration and identif ica tion  
t i t l e  for the output. The detection system characterisations are as 
previously mentioned and is quantitatively modelled by the functions 
given in section 4.2; both are introduced by the user through an input 
data f i l e .  This f i l e  w ill also specify the mode being pursued and 
indicates whether optimisation or just simple simulation is to be carried 
out. The nuclear data are part of the program library  and are introduced 
as a compilation of the cross section, gamma ray energy and y ie ld , and 
h a l f - l i f e  for each nuclide. The gamma library  is constructed as a direct 
access f i l e  (mentioned in chapter 3) and operated on by an index 
subroutine which makes i t  fast to retrieve the data in question. On the
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Fig. (4 .8) Bremsstrahlung spectrum 
. measured 
- simulated
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other hand the beta library is a simple one constructed to meet the 
requirement of the activation analysis group at the University of 
Surrey. The library contains the element symbol, the beta yield and the 
maximum beta energy. The structure of the library however is constructed 
to be able to handle larger compilations e f f ic ie n t ly .  Default values for 
the efficiency, photofraction, single escape ra tio , double escape ra tio ,  
and energy calibration are incorporated in the program for the I.C.R.C. 
system. The user, however, has the option of introducing his own 
values. Table (4.2) gives a typical input data f i l e  for the simulation 
of Bowen's kale standard.
4 .5 . Simulation output
Once the simulation or optimized simulation is carried out the output is 
obtained in two forms. A simulated spectrum (graphical) is obtained on 
the screen or hard copy may be produced i f  desired. The output is given 
as a function of channel number as well as energy according to the energy 
calibration used by the program. This gives the chance for the analyst 
to see the spectrum that would be obtained experimentally before 
conducting the experiment. I t  therefore allows him or her to see the 
main noise contributors beforehand. I f  the main interference is due to 
the Compton scattering of a major element in the matrix or a 3-em itter, 
the effect of pre-irrad iation separation can be immediately seen by 
merely omitting the element in question from the simulation. In 
addition, an output f i l e  is obtained giving the analyst a closer look at 
the d ifferent peaks. The f i l e  gives the sample and system details  such 
as, sample t i t l e  and mass, irradiation parameters (time of ir rad ia t io n ,
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Table (4.2) Input f i l e  to Cyclops85 for the case of simulation
0.06 2.E12 259200. 478200.
N
N
y
1.25655 -1.1068
N
SIM
1
216000.
SIMULATED SPECTRUM 
BOWEN'S KALE STANDARD. M=62 MG 
4096 
LIN 
0
NA 2393.
SE 0.133 
AS 0.126 
AU 0.0019 
CD 0.874 
CE 0.127 
CS 0.00773 
GA 0.0267 
HG 0.168 
I 0.137 
LA 0.0879 
AG .015 
AL 36.9 
BA 5 .02 
BR 73.8 
CA 41000.
CL 3650.
CR 370.
CU 4.9 
F 5.87 
FE 118.
K 24300.
NI 0.916 
PB 2.48 
MG 1580.
MN 14.95 
MO 2.25 
0 39000.
PB 2.48 
RB 52.9 
S 16430.
SB 0.654 
SE 0.133 
SN 0.217 
TI 2.1 
V 0.393 
ZN 32.7 
SI 243.
SR 87.3
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waiting, and counting, flux e t c . . . ) ,  and detector parameters (detector 
effeciency and energy calibration constants, photofraction e t c . . . ) .  The 
f i l e  gives the total integrated counts to give assistance to the analyst 
in deciding on what mass can be used without introducing large dead
time. A peak search is carried out on the simulated spectrum and the 
output is given as a lis t ing  of the peak energy, area and background
along with the error associated with the peak and the sensitiv ity
(pulses/yg) for peaks with detectable s ign a l, and detection l im it  for
signals with a signal that is too small to be seen. Such an output could 
be obtained along with graphics according to the analyst's desires.
Table (4.3) gives the layout of a typical output for the peak search.
Another form for the output could be obtained as a f i l e  containing the 
simulated spectrum data channel by channel for the analyst to have the 
numerical value of any region i f  required.
4.6. Program description and features
The above simulation procedures described are performed by the 
computer program CYCL0PS85, written in Fortran 77 on a Prime machine. I t  
utilises  the NAG and GINO libraries  for some of the numerical algorithms, 
and the graphical output. The program simulates the f in a l spectrum given
the activation parameters from the optimisation routine or the data f i l e
supplied by the user in the case of simulation. The code consists of a 
main programme and several subroutines. The main program performs the 
input and output and control of the optimisation and simulation. I t  also 
coordinates the calculations of the other subroutines. From the sample 
mass, the atomic weight of a given element and its  percentage SNUMD gives
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Table (4.3) Output produced by CYCL0PS85
X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X
xxxxxxxxxxxxxxxxxxxx O P T E M IS E D  SPECTRUM *x*xxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxxxx f o r  SE 7 7 M  D E T E C T IO N  * * * * * * * * * * * * * * * * * * * *  
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
X X  X
*S A M P L E  T I T L E  : DRY F R Z D  ANML *  DETECTO R E F F .  C O N S T . *
*  BLD AN I . A . E . A  STANDARD *  A * 1 5 . 1 5  B ® 1 . 0 4  C * 0 . 3 0  D * 0 . 0 6  *
X X X
*  SAMPLE MASS *  0 . 0 4  * P H O T O F R A C T IO N  C O E F F .  *  . 0 0 6 8 5 0  *
x X X
* T I M E  OF I R R  *  1 9 . 4 2 8 5 7  *  ENER C A L I B .  C O N S T . *  1 . 0 0  * * *  *
X X  X
*  T I M E  OF C O U N T IN G  *  1 9 . 4 2 8 5 7  *  F L U X  *  0 . 2 0 0 E + 1 3  *
X X X
*  T O T A L  E X P .  T I M E  *  3 0 0 . 0 0  *  NUMBER OF CYC LES *  7  TW *  2 . 0  *
X X X
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
T O T A L  IN T E G R A T E D  SPECTRUM  COUNTS *  0 . 3 6 E + 0 6
ENE PG Y AREA BKGND ERR% S E N S . P / / 1 G  D E T . L M
NA 2 4  1 3 6 8 . 4 0  0 . 1 5 E + 0 4  0 . 2 4 E + 0 4  5 . 4 7  0 . 1 5 E + 0 0  -----------------
NA 2 4  2 7 5 3 . 6 0  0 . 7 0 E + 0 3  0 . 8 8 E + 0 3  7 . 0 8  0 . 7 1 E - 0 1  -----------------
A L  2 8  1 7 7 8 . 9 0  0 . 4 9 E + 0 4  0 . 6 2 E + 0 4  2 . 6 9  0 . 9 9 E + 0 1  -----------------
F E  5 9  1 9 2 . 5 0  0 . 0 0 E + 0 0  0 . 1 0 E + 0 4  2 . 6 9  - ------ . ' 6 5 8 0 5 D - 0 1
F E  5 9  1 0 9 9 . 2 0  0 . 9 8 E - 0 2  0 . 7 5 E + 0 3  * * * * * ----------- ----------. 2 8 1 4 2 D - 0 2
F E  5 9  1 2 9 1 . 6 0  0 . 5 2 E - 0 2  0 . 6 1 E + 0 3  * * * * *   r - ~ ---------   . 3 3 1 0 9 D - 0 2
BR 8 0  6 1 7 . 0 0  0 . 4 5 E + 0 3  0 . 7 9 E + 0 3  1 0 . 1 1  0 . 5 3 E + 0 1  ----------
BR 8 0  6 4 0 . 4 0  0 . 1 3 E + 0 2  0 . 7 7 E + 0 3  * * * * *   —  . 6 5 6 1 4 D - 0 7
BR 8 0  6 6 5 . 7 0  0 . 6 0 E + 0 2  0 . 7 7 E + 0 3  6 7 . 1 1  0 . 7 1 E + 0 0  ---------------
BR 8 0  7 0 4 . 3 0  0 .  1 2 E + 0 2  ' 0 . 7 6 E + 0 3  * * * * *  — ^ ---------------------- . 6 5 2 0 6 D - 0 7
BR 8 0  1 2 5 6 . 7 0  0 . 9 3 E + 0 0  0 . 6 1 E + 0 3  * * * * *  ------------ -------  . 1 7 5 1 5 D - 0 6
BR 8 2  5 5 4 . 3 0  0 . 5 5 E + 0 2  0 . 8 4 E + 0 3  7 6 . 5 1  ----------------- -- . 4 9 6 2 7 D - 0 7
BR 8 2  6 1 9 . 0 0  0 . 0 0 E + 0 0  0 . 1 6 E + 0 4  7 6  .  51 — — — — —  . 1 0 8 8 9 D - 0 6
BR 8 2  6 9 8 . 3 0  0 . 6 7 E + 0 1  0 . 7 7 E + 0 3  * * * * *  -------------------------  .  1 1 5 5 8 D r * 0 6
BR 8 2  7 7 6 . 6 0  0 . 1 8 E + 0 2  0 . 7 6 E + 0 3  * * * * *     —  . 3 7 4 3 2 D - 0 7
BR 8 2  8 2 7 . 8 0  0 . 5 2 E + 0 1  0 . 7 5 E + 0 3  * * * * *  ------------ ■— —  . 1 2 3 9 2 D - 0 6
BR 8 2  1 0 4 3 . 9 0  0 . 4 6 E + 0 1  0 . 7 4 E + 0 3  * * * * * ------ ■-------  . 1 0 5 8 6 D H D 6
BR 8 2  1 3 1 7 . 2 0  0 . 3 0 E + 0 1  0 . 6 1 E + 0 3  * * * * *   •------------ . 1 0 7 3 5 D - 0 6
BR 8 2  1 4 7 4 . 7 0  0 .  1 7 E + 0 1  0 . 5 7 E + 0 3  * * * * *  — ----------   . 1 5 9 0 6 D - 0 6
BR 8 2  9 2 . 2 0  0 . 1 2 E + 0 1  0 . 1 4 E + 0 4  * * * * *  --------- . 6 2 5 5 1 D - 0 5
BR 8 2  2 2 1 . 5 0  0 . 1 7 E + 0 1  0 . 9 7 E + 0 3  * * * * *  --------------------  . 1 6 5 6 6 D - 0 5
BR 8 2  1 3 1 7 . 5 0  0 . 3 0 E + 0 1  0 . 6 1 E + 0 3  * * * * *  --------------------  . 1 0 4 9 3 D - 0 6
BR 8 2  1 4 7 4 . 8 0  0 . 1 7 E + 0 1  0 . 5 7 E + 0 3  * * * * *  ------- ------------  . 1 6 2 9 0 D - 0 6
C L  3 8  1 6 4 2 . 0 0  0 . 8 2 E + 0 3  0 . 1 2 E + 0 4  6 . 8 7  0 .  1 3 E + 0 0   r -
C L  3 8  2 1 6 6 . 8 0  0 . 7 6 E + 0 3  0 . 1 0 E + 0 4  6 . 9 5  0 . 1 2 E + 0 0   —
C L  38M 6 7 1 . 4 0  0 . 4 5 E + 0 2  0 . 7 7 E + 0 3  8 8 . 0 0 ----------- --------------------  . 1 3 9 2 7 D - 0 5
CA 4 7  4 8 9 . 5 0  O .O O E + O O  0 . 8 0 E + 0 3  8 8 . 0 0 ----------- ------- ------------- . 7 9 1 9 1 D - 0 1
CA 4 7  1 2 9 6 . 9 0  0 . 3 7 E - 0 3  0 . 6 1 E + 0 3  * * * * *   1---------  . 4 6 6 3 4 D - 0 2
CA 4 9  3 0 8 3 . 0 0  0 . 2 6 E + 0 2  0 . 3 2 E + 0 1  2 1 . 9 7  0  .  2 4 E - 0 1 ------------  ,-------
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the number density of a given element in the sample. The RRATE 
subroutine calculates the reaction rate for a given element, and 
subroutine SPEC performs the gamma spectrum simulation including the 
single and double escape peaks i f  applicable. The subroutine BETAEM 
calculates the Bremsstrahlung spectrum for a given p-energy and yield for 
a given radioisotope. The radiator geometry and number density is 
calculated for the detector system used. The program incorporates 
several real functions for the system parameters. Fig. (4.9) gives a
flow diagram of the code.
Figures 4.10 and 4.11 show the simulated and measured spectra, 
respectively for an animal blood standrd (IAEA Animal Blood). I t  has
been irradiated and measured under optimum conditions calculated for the 
detection of Se-77m (17.6s). The optimum mode produced by the code is 
19.4s irrad iation, 2s waiting and 19.4s counting for 7 cycles. The 
optimum conditions agree with reported experimental values [53 ,54], The 
simulated spectrum agrees with the measured spectrum except for a
sign ificantly  higher low energy background found in the measured 
spectrum which is due to reactor background. The cyclic activation  
system detector is situated on top of the reactor and therefore low 
energy noise and other peaks from the reactor background are found in the 
measured spectrum, i .e .  Co-60 1332.5 KeV, Ar-41 1293 keV Zn- 65 and 1115 
keV and Mn-54, 835 keV. Fig. (4.12) gives a background measurement of
the system. However, such peaks do not affect the optimum conditions
from the optimisation point of view as they have a constant count ra te .  
To eliminate the reactor noise and test the simulation for a one shot 
irrad ia tion , a Bowen's Kale standard was irradiated at the reactor for 60
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hours, cooled for 72 hours and measured for 3000 s at the University. 
Figures 4.13 and 4.14 show the simulated and measured spectra 
respectively. The annihilation peak does not show in the simulated 
spectrum since the annihilation process is not simulated. Otherwise 
there is a very good agreement between simulated and measured spectra, 
with only the characteristic X-rays of Pb and low level environmental 
background peaks missing. The simulation was also performed for the coal 
sample used as a test case for the simulation output at Harwell. Figs. 
4.15, and 4.16 give the simulated and measured spectra. The two spectra 
show a much better resemblance due to the absence of background and 
characteristic x-rays. Fig. (4.17) is the simulation output from SPECTRE 
[45] given here for comparison.
The programme intended for optimisation of the signal-to-noise ra tio  for  
cyclic mode has been shown to provide good results for detection of a 
radionuclide of interest (Se-77m). I t  is expected that the programme 
w ill prove a useful tool for tackling the analysis of unfamiliar samples 
especially for the detection of short-lived nuclides emitting low energy 
gamma-rays, when the Bremsstrahlung simulation w ill prove of particular  
benefit in obtaining re a l is t ic  detection lim its .
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Fig. (4.13) BOWEN'S KALE STANDARD. M=62 MG 
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CHAPTER FIVE 
DATA HANDLING
5.1. Introduction
The main objective for cyclic activation analysis is to measure 
short-lived ac tiv ity  and at the same time repeat the process at the end 
of every irradiation period. I t  is therefore v ita l to have a system that 
will be able to retain ideally the spectrum of each cycle separately or 
else correct each cycle for dead time, and therefore the preceding cycle 
would be added to the previous one after its own dead time correction. 
This is important since the dead time from one cycle to another varies 
and could change substantially as w ill be shown la te r . At the Reactor 
Centre the ND6700 computer system is able to store a maximum of 99 
spectra at anytime and hence storing spectra for samples irradiated for 
say 10 cycles each would allow the process of a maximum of 9 samples 
before overwriting of data becomes unavoidable. This would, as well, 
hinder any other user from carrying out any detection work. Since the
system is a multi user system such an alternative becomes unacceptable as
a long term solution. The other obvious and possible alternative is the
summing of the spectra each after dead-time correction has been 
performed.Such a procedure did exist on the older system ND6600 and was
modified as part of this work to operate on the ND6700. But some set
backs were s t i l l  unavoidable. The data cycle by cycle could not be 
obtained in any reasonable, retrievable way. This hindered us from the
possib ility  of processing the data for a variable number of cycles and
hence obtain an idea of the a c t iv ity  growth, and its  h a l f - l i f e .
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Graphical output for the spectra was in addition not possible within the 
system. The other more serious setback was the time i t  took for the 
system to correct for deadtime and sum two cycles. I t  takes the system 
27s to perform such a process and therefore a cyclic mode with a cyclic 
period of less than *60s was d i f f ic u l t  to implement. I t  was important to 
make the system more f le x ib le  and improve its response to accomodate 
shorter cycle periods of -10s. To extract the maximum information 
possible the system should retain the raw data and should be able to 
process i t  in d ifferent ways, incorporating conditions where a variable 
number of cycles are used.
The requirements were implemented in a data handling system incorporating 
a BBC micro computer interfaced to the Nuclear Data Machine. The 
strategy was to carry out minimum data processing during the
experiment, and extract maximum information about the spectrum. This as 
a result would require a large storage space. I t  was made possible by 
allowing the micro computer to extract the spectral data along with some 
information such as the real time, the live time, the time of day and 
date and down load i t  to its disk. The number of spectra therefore is 
only limited by the number of floppy disks available. The number of 
spectra stored on one floppy in our case was 36 spectra. Once the data 
is introduced to the disk i t  could be uploaded on to the University 
mainframe and processed in a variety of ways.
Because of thisj^different and unusual way of data handling and systematic 
and automatic data processing system developed at the University of 
Surrey, this chapter was included to give insights,!?to this system.
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5.2. Data handling at ICRC
a. ND6700 system
The nuclear data system is a multi-user mini-computer capable of 
accommodating four detection chains simultaneously, and can process the 
spectra and give a printout for the peak search. The software is 
written, compiled and linked to the application library  where the 
different programs can be run by just one command. A set of commands in 
a f i l e  are called a job stream. I t  is this job stream that can control 
the flow of the experiment from the acquisition system point of view. 
The system is effective and e ff ic ien t i f  operated in a standard way but 
becomes d i f f ic u l t  to operate i f  a fast response is expected. The system 
responds to the pneumatic transport system through a signal sent from the 
transport system and read by the system through its input paralle l port. 
I f  the signal is missed for any reason the experimental and data 
processing ends of the experiment get out of phase and consequently the
experiment has to be stopped. This is minimised by introducing a higher
p r io r ity  to the user waiting for such a signal. The 'job stream' has a 
program-like structure where a given loop can be executed a number of 
times, and a given counter can be in it ia l is ed  or set to a given
constant. The software can turn on a given ADC for a given preset time, 
sum or subtract two spectra, write a given spectrum to disk, and perform 
a peak search on a given spectrum. These are some of the possible
functions, a more detailed description is available in the ND6700 user 
manual [24]. I t  is more important to point out that other software can 
be incorporated into the application software and introduced into a job 
stream. In our case, a program was written to access the spectrum data
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for ADC-3 (the ADC for the cyclic activation system) along with the 
timing parameters and transfer them through a parallel port (the port was 
intended for a high speed paper tape output). A BBC micro conducted the 
hand shake communication to accept the data and store i t  in a f i l e  on a 
floppy disk. The spectra are stored in f i le s  with sequential names (ND1,
ND2, ND3, e t c . . ) .  The BBC micro was chosen to have a dual drive to make 
the changing of the floppy disks less demanding. The data is stored as 
binary coded decimal. The clearing of the spectrum after the transfer 
and waiting for the next measurement period is controlled by a job stream 
on the ND6700 system. Fig. (5.1) gives a flow chart of the software.
The transfer of a 4096 channel spectrum (32K bytes) takes approximately 
4s making the minimum possible cycle period aproximately 10s duration.
For a limited total experiment time of 5 min and number of cycles 7-10 j
. ' t
cycles approximately 70-80 samples can be irradiated and measured leaving [
the analyst with as many as 400-700 spectra to deal with. This is a j
i
large set of data (-7-10 Mbite) and would need fast and e ff ic ie n t  [
j
software for its processing. j
5.3 . Data handling at the University of Surrey
Because data processing had to be done on the mainframe of the University 
the data had to be loaded from the floppy disks to the mainframe; a 
process that could only be done through serial interfacing and using a 
f i l e  transfer protocol. This would be time consuming and unreliable in 
many cases. The transfer of one spectrum could take anywhere between
5-20 minutes depending on how busy the system is. I f  the transfer is to 
be reasonable a parallel interface has to be adopted, a f a c i l i t y  that is
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not available on a mainframe; at least not for a user. This was overcome 
by u tilis in g  another mini-computer in the Physics Department. The data 
is transferred to a Gould computer through a parallel interface and then 
written onto a magnetic tape. The data then could be easily loaded on 
the Prime system. This process takes 45 minutes to an hour for a day run 
at the reactor. Once the data is on the Prime, i t  could be translated to 
decimal numbers, corrected for deadtime, cycles are summed as desired, 
and programs operated to give the output of the spectrum analysis. This 
then could be followed by concentration calculations and tabulated data 
produced for the concentration and error for the d ifferent elements of 
interest. Common programming language programs (CPL programs) are written 
to run the appropriate software. The system is expanded to accommodate
data from the Canbera 35+ MCA, and data from the ND6600 MCA system at the 
University. The translated data output takes the SAMPO input format and 
the data required by SAMPO "the shaping parameters and energy calibration  
data" are automatically loaded to form a complete set for SAMPO input. 
The appropriate input and output channels are set and SAMPO is executed 
to produce the peak f i t t in g  and the table of results including the peak 
areas and their related errors. Such output is spooled out for the user 
for further analysis and closer examination. The CPL program then using 
a f i l e  containing the energies of interest and the element corresponding 
to these energies, w ill produce a f i l e  for a ll the samples of interest 
containing the energy of interest, the sample symbol, the peak area, and 
its error for a ll the energies. A similar run w ill  produce a f i l e  for  
the standard. The f i l e  for the standard w ill  include the concentration
of the elements of in terest. From the la t te r  two output f i le s  the system
can calculate the concentration in the relevant samples and produce a
tabulation for the concentration of the d ifferent elements and the ir
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errors. Fig. (5.2) gives a flow diagram for the processing of the 
reactor data. The data is set in spectra named in sequential names ND1, 
ND2,... The CPL program controls the rest of the software. The CPL 
program is resumed and in doing so the number of modes is set (maximum of 
5), and an argument for each mode is input; the argument consists of 
seven alphanumeric characters the  f i r s t  4of which is for identifying the 
mode, the f i f t h  is the "C" character assigning the number of cycles the 
other two give the number of cycles for each sample. A second variable 
gives the number of samples to be processed in the given mode. Data 
collected on the ND6600 MCA or Cambera 35 plus is processed in a very 
similar fashion except that such data are not collected in cyclic mode, 
and not in binary decimal code format and in addition each spectrum can 
be given a particular name due to the nature of samples, whence the data 
is processed spectrum by spectrum and by name rather than sequence. 
Final data for the samples and standard are obtained in the form given in 
F ig .(5.3) and F ig .(5.4) respectively and the fina l concentration output 
is given as in Fig. (5 .5 ) .
5 .4 . Data processing
The processing of the data, as described in the previous section, apart 
from computer processing and automation of the processes, involves: ( i )  
dead time correction; ( i i )  locating fu l l  energy photopeaks; ( i i i ) peak 
area determination and associated errors; ( iv )  calculation of the 
concentrations and last but not least (v) quality of the overall 
procedure.
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ENERGY PEAKAREA ERR IN
otll.runl
103.200 SM-153 84600. 17.373
208.400 LU-177 8720. 8.141
216.100 BA-133 0. 0.000
0.228 NP-239 0. 0.000
0.278 NP-239 0. 0.000
311.800 PA-233 0. 0.000
0.320 CR-51 0. 0.000
344.200 E0-152M 827. 37.176
396.300 YB-175M 3090. 3.307
482.200 HF-181 0. 0.000
0.531 ND-147 0. 0.000
834.800 MN-54 0. 0.000
1099.200 FE-59 594. 5.967
1120.300 SC-46 8080. 3.994
1173.300 C0-60 0. 0.000
1296.900 CA-47 2550. 5.638
1368.900 NA-24 6850. 3.948
1524.700 K-42 0. 0.000
1596.500 LA-140 5330. 4.871
ENERGY PEAKAREA ERR IN
otl2.runl
103.200 SM-153 80500. 14.916
208.400 LU-177 7750. 5.745
216.100 BA-133 0. 0.000
0.228 NP-239 0. 0.000
0.278 NP-239 0. 0.000
311.800 PA-233 1040. 18.757
0.320 CR-51 0. 0.000
344.200 EU-152M 1500. 13.757
396.300 YB-175M 2930. 1.886
482.200 HF-181 0. 0.000
0.531 NEH147 0. 0.000
834.800 MN-54 0. 0.000
1099.200 FE-59 703. 5.110
1120.300 SC-46 7100. 3.043
1173.300 C0-60 0. 0.000
1296.900 CA-47 3020. 3.022
1368.900 NA-24 4840. 2.846
1524.700 K-42 0. 0.000
1596.500 LA-140 4920. 3.879
ENERGY PEAKAREA ERR IN
otl3.runl
103.200 SM-153 79900. 17.644
208.400 LU-177 7480. 6.570
216.100 BA-133 0. 0.000
0.228 NP-239 0. 0.000
0.278 NP-239 0. 0.000
311.800 PA-233 0. 0.000
0.320 CR-51 0. 0.000
344.200 EU-152M 739. 30.258
Fig. (5 .3) List produced by GETSAM.F77 showing data extracted 
from SAMPO output for further analysis
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ENERGY Peakarea Err. Cone.
103.200 81400. 3.931 5.100
208.400 4500. 1.979 0.300
216.100 698. 10.441 159.000
228.000 1380. 5.543 2.600
278.000 992. 12.054 2.600
311.800 9880. 2.572 8.200
320.000 7020. 3.297 60.000
344.200 3250- 7.818 1.000
396.300 3060. 3.924 2.400
482.200 4560. 12.149 5.100
531.000 604. 16.481 30.000
834.800 855. 6.076 631.000
1099.200 11100. 1.826 25.700
1120.300 32000. 1.792 8.300
1173.300 1740. 2.542 8.900
1296.900 1420. 4.174 163.000
1368.900 3830. 2.191 2.400
1524.700 79. 16.918 100.000
1596.500 7750. 2.480 2.800
Fig. (5.4) Typical l is t in g  of data for a standard produced by 
GETSTAN.F77
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ENERGY ELEMENT SENSITIVITY ENERGY <CONCINTR\_ ERR-CON
OUTPUT FOR SAMPLE # 1
OTL6.RUNl
103.20 SM-153 10615.7089844 103.20 7.1263 15.2088
208.40 LU-177 8740.2675781 208.40 0.5960 4.4201
216.10 BA-133 1.68916678 216.1000 GAMMA IS NOT DETECTED
228.00 NP-239 316.4298706 228.00 51.2121 6.8519
278.00 NP-239 203.7400208 278.00 67.1608 8.6762
311.80 PA-233 660.24536133 311.8000 GAMMA IS NOT DETECTED
320.00 CR-51 63.7827301 320.00 38.6933 7.1623
344.20 EU-152 1693.2058105 344.20 0.3003 23.5773
396.30 YB-175 776.2738037 396.30 2.3911 3.2562
482.20 HF-181 555.76367187 482.2000 GAMMA IS NOT DETECTED
PEAK DOES NOT SHFOWIN THE STANDARD 531.00
834.80 MN-54 0.94212329 834.8000 GAMMA IS NOT DETECTED
1099.20 FE-59 237.51104736 1099.2000 GAMMA IS NOT DETECTED
1120.30 SC-46 2110.3525391 1120.30 1.2204 3.8900
1173.30 C0-60 108.54267883 1173.3000 GAMMA IS NOT DETECTED
1296.90 CA-47 6.1219435 1296.90 228.2398 5.0056
1368.90 NA-24 1663.1281738 1368.90 7.0344 5.2155
1524.70 K-42 0.69002116 1524.7000 GAMMA IS NOT DETECTED
1596.50 LA-140 1852.0625000 1596.50 2.8347 5.6241
OUTPUT FOR SAMPLE # 2
OTL23.RU Nl
103.20 SM-153 10615.7089844 103.20 6.9971 15.3837
208.40 LU-177 8740.2675781 208.40 0.6406 6.8697
216.10 BA-133 1.68916678 216.1000 GAMMA IS NOT DETECTED
228.00 NP-239 316.4298706 228.00 49.0506 6.7852
278.00 NP-239 203.7400208 278.00 66.3861 8.6818
311.80 PA-233 660.2453613 311.80 1.5616 14.6672
320.00 CR-51 63.7827301 320.00 49.7984 6.6908
344.20 EU-152 1693.2058105 344.20 0.4190 16.6584
396.30 YB-175 776.2738037 396.30 2.1994 4.0226
482.20 HF-181 555.76367187 482.2000 GAMMA IS NOT DETECTED
PEAK DOES NOT SHFCJWIN THE STANDARD 531.00
834.80 MN-54 0.94212329 834.8000 GAMMA IS NOT DETECTED
1099.20 FE-59 237.5110474 1099.20 2.2195 7.8236
1120.30 SC-46 2110.3525391 1120.30 3.1258 4.1125
1173.30 C0-60 108.54267883 1173.3000 GAMMA IS NOT DETECTED
1296.90 CA-47 6.1219435 1296.90 234.5168 5.6550
1368.90 NA-24 1663.1281738 1368.90 9.5658 4.6782
1524.70 K-42 0.69002116 1524.7000 GAMMA IS NOT DETECTED
1596.50 LA-140 1852.0625000 1596.50 2.6338 5.5026
Fig. (5.5) L ist of final results for concentrations produced by To ta l. F77
( i )  Dead time correction
Dead time, especially when dealing with short-lived a c tiv ity , is a
disintegration rate. The only exact solution for dead time is to 
integrate the product of the activ ity  and the dead time as a function of 
the elapsed counting time ( t )  as introduced by Schonfeld [55].
where C is the actual acquired net counts in the fu l l  energy photopeak.
A0 is the in i t ia l  photopeak count rate
t c is the total counting time
X is the decay constant for ac tiv ity  of interest
DT(t) is the function discribing the fractional analyser dead time
at time t .
This would require a function to be used for the fractional dead time. 
This was attempted by Egan [53], the variation of this correction
compared to the simple ratio  of clock time to live time is small (-5% 
difference for 15% dead time). The difference becomes negligible i f  the 
cooling time is extended for 2-3 seconds. This is because the dead time 
is largest and most variable in the f i r s t  few seconds. Several
electronic methods for deadtime correction e x is t:-
1. Setting the dead time for all cycles and samples to a pre-set value
by injecting disabling signals to the ADC [56].
2. injecting pulses into the pre-amplifier at a random rate [57 ].
complex problem. Short-lived activ ity  has a high and variable
(5.1)
o
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3. increment the assigned channel content by 2 for every pulse reject
due to the ADC being busy [58],
4. using a pulse generator, giving pulse at an exponential rate, which 
could be injected by the user, according to the radioisotope of interest 
[58,59].
A recent review of the problem by Sterlinski [60] concluded that the
performance of a b u ilt - in  dead time c ircu it  in the MCA is to a large
extent inadequate. In order to ensure that no systemmatic errors are 
introduced, several points were taken into consideration:-
a) In order to avoid large and variable dead time a waiting time of 2 
seconds is adopted whenever the matrix produces super short-lived  
activ ity .
b) Deadtime correction is carried out cycle by cycle.
c) The dead time was kept lower than 15%. This could only be realised
by restricting the sample mass irradiated. Lower mass would mean lower
dead time, but there exists a minimum mass beyond which the sample mass
is no longer representative of the material in question. This subject 
w ill be dealt with in later chapters. The dead time correction is 
carried out as part of the program for the translation of the binary 
coded decimal data to decimal numbers. The content of each channel in 
the spectrum is multiplied by the ratio  of the real time to live time of 
the measuring chain.
( i i )  Photopeak analysis
The interpretation of the spectral data is carried out by SAMPO. An 
additional subroutine was added to allow for background calculation for
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the d ifferent peaks to make i t  possible to calculate detection lim its. 
SAMPO is employed to run a peak search, conduct peak f i t t in g ,  and give a 
summary of results. I t  f i t s  each peak to a gaussian function with 
exponential t a i ls ,  and the background to a quadriatic equation. The 
peak search adopted is the one developed by Mariscotte [61] and the peak 
f i t t in g  is carried out by least-square, 1inear-Taylor d iffe rentia l  
correction technique. Detailed description of the program is given in 
the original paper by Routti and Prussin [62] and in the paper by Mathis, 
Salatia , and Browning [63].
Another approach used for the f i r s t  part of this work (the optimisation) 
was conducted by the software provided by Nuclear Data INC [64] for the ir  
system at the Reactor Centre. This was at a time before the need for 
transfer of the raw data was considered important and possible. The 
program calculates an empirical value for the resolution as
FWHM = Aj + B^EfKeV)
where A, and B are constants, determined from data supplied by the user. 
The Gaussian formula used is given by
H = Hme -“ [ (x -x o ) /r ] 2 (5 . 3 )
where x0 the centroid channel 
x is the channel number 
Hm is the maximum height of the peak 
r is the FWHM
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and oc is a constant equal to 4 £n 2-2.7726
The program uses the data to calculate r ,  X0, and Hm by minimising 
the difference between the data points and the f i t te d  data, to arrive at 
the best constant according to the conversion c r i te r ia .  The background 
is linearly  f i t te d  to the local background.
The two methods SAMPO and the Nuclear data software were compared through 
the analysis of the same spectral data for several standard sources. 
Table (5.1) gives their respective peak areas and the corresponding 
errors. The calculation of these fu l l  energy photopeak areas by hand is 
included for additional comparison. The Nuclear Data INC software seems 
to under estimate the peak area, and therefore gives much higher 
detection lim its , whereas SAMPO over estimates the error. For practical 
purposes as long as the analyst is using only one approach the results 
should be consistent.
The under estimation of the peak area using the Nuclear data software 
seems to be largely due to the absence of the exponential ta i ls  in the ir  
f i t ,  the use of the fu l l  width at half maximum only rather than the 
parameters of the f w t m  > and To the linear f i t  of the background. The 
under estimation of the peak area on the ND system does impose a large 
l im itation on the analytical capabilities of NAA. SAMPO output, on the 
other hand, for the same spectra and the hand calculation are in good 
agreement. Variations are within 5%.
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Table (5.1) Peak areas calculated by SAMPO, Nuclear data system and by 
hand and the associated errors
E SAMPO ND
A p ^  ER% ^Peak ER% ^peak Manual ER%
KeV
74 3830 34.9% 4121 15.7
85 20700 15.9% 6632 6.3 22114 2.1
121 1440000 5.0 459502 0.2 1435476 0.1
244 125000 8.1 52727 0.8 152438 .45
285 2230 16.0 427 46.3 1279 25.0
295 6870 4.9 2099 10.7 7526 5.4
344 367000 4.9 133911 0.4 403563 0.21
367 10400 9.6 4809 5.1 15879 2.6
410 20200 6.4 8417 2.8 21572 1.8
443 27100 2.6 9646 2.4 28020 1.4
488 3770 11.8 1081 14.6 4063 7.6
511 1780 19.3 281 49.7 1721 19.7
569 3930 7.0 1078 16.0
588 3680 11.1 758 20.4
602 570 57.7 - -
656 1090 21.9 275 51.2
678 2280 15.8 568 25.2
688 4080 5.2 1477 11.1
719 2020 12.4 340 37.8
778 56700 0.8 22604 1.1 64941 0.6
810 1230 18.4 329 31.0
834 3170 7.2 1276 12.0
867 13000 5.4 5082 3.7 13738 2.1
919 1010 22.4 298 35.7
963 44700 5.3 19174 1.1 48556 0.7
1004 2210 14.1 1277 10.7
1085 30100 6.8 11815 1.3
1089 - - 2328 4.9
1112 35800 5.3 16431 1.3 37959 0.8
1173 3200 5.1 1187 9.5
1212. 7 3250 5.6 1511 7.5
\
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( i i i )  Accuracy and precision
Systematic and random errors affect the results of a given procedure. 
Systematic errors are inherent in the methodology or the way the sample 
or standard is prepared or in their composition. Some of the sources of 
such errors are
1- Incorrect preparation of elemental standards
2- Variation in the neutron flux to which the sample and standard are
exposed
3- Variation of the self shielding in the sample and standard (large
variation in the concentration of neutron absorbing elements i . e .  B, 
Cd,Gd,. . . )
4- Variation in the self absorption of the emitted gamma rays (large
variation in the sample and standard s ize).
5- Large variation in the dead time of the sample and standard.
6- Contribution of unknown interference in the sample and standard.
The accuracy of a given procedure is estimated by analysing several
replicas of a well known standard reference material. Since the work 
here was involved with mainly Biological and Geological materials, 
standard reference materials (IAEA animal blood A-13, animal bone A-3/1, 
animal muscle H-4, s o il -5 ,  soil-7  and Bown's Kale) were routinely used as 
an internal control in experimental runs according to the matrix in 
question.
Variation in the ir  output is used to evaluate the precision in any given 
experimental run. The precision being a measure of the random errors
resulting from the sampling procedure, weighing, random contamination and
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due to instrumental fluctuation. The standard deviation on the replica  
run gives a measure of the precision. Table (5.2) gives the mean and
standard deviation of each of 10 replicas of soil-7 standard for some of 
the detected elements. Internal control samples mentioned above are used 
as samples to be analysed with the rest of the samples and eventually 
checked against their certif ied  values.
The measured concentration is in a good agreement with the reported
certif ied  values by the agency. Since these replicas were analysed and 
handled in the same fashion as a set of samples of a geological survey, 
this provides a measure for the precision of the analysis of the survey 
(see chapter 8).
( iv )  The system overview
The system was designed to handle the activation analysis procedure, and 
specifically  cyclic activation using the reactor, to allow the user to 
have a much faster response, and therefore use a much shorter irradiation  
time i f  desired. Although such a system has existed before, its  response 
was re la t iv e ly  slow and the number of spectra i t  could deal with was 
limited. The main feature for the system was to retain the raw spectral
data. The system was also expected to retrieve any data that had been
collected and give the details of how and when the experiment was 
conducted. In addition to the above the f inal system had a debugging 
f a c i l i t y  to ensure that no corruption took place in the data transfer. 
The debugging program could be used on the BBC microcomputer to ensure 
that at the end of the experiment the data is va lid . Another version was 
implemented on the mainframe for more detailed debugging. The system 
also contains a graphics option to plot any desired spectrum. The
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Table (5.2) Measured and reported concentration for the listed elements 
in soil-7 IAEA standard and their standard deviation in ppm except vshere 
indicated
ELEMENT E(KeV) ^measured
(ppm)
am
(ppm)
^reported*
(ppm)
Confidence
interval
(reported)
Dy 57.7 3.18 0.22 3.9 3 .2-5 .3
Ta 67.6 0.97 0.23 0.8 0 .6-1 .0
Tm 85.7 0.67 0.32 - -
Eu 121.0 1.01 0.10 1.0 0 .9 -1 .3
HF 482.1 5.10 0.33 5.1 4 .8-5 .5
Ce 145.0 65.71 2.78 61.0 50-63
Tb 298.1 0.45 0.07 0.6 0 .5 -0 .9
Pa 311.1 5.31 2.85 - -
Cr 319.4 84.19 31.3 60.0 49-74
Sb 563.9 1.63 0.09 1.7 1 .4-1 .8
Zr 757 209.9 12.4 185.0 180-210
Cs 796 5.4 0.2 5.4 4 .9 -6 .4
Rb 1076 51.8 2.5 51.0 47-56
Fe 1099 26.1(mg/g) 0.30 25.7(mg/g) 25.2-26.3
Fe 1292.2 25.9 " 0.30 25.7 “ 25.2-26.3
Sc 1120.9 8.96 0.01 8.3 6 .9 -9 .0
Co 1173.0 8.97 0.16 8.9 8.4-10.1
Co 1332.5 '8.98 0.01 8.9 8.4-10.1
*reported values from IAEA [65]
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graphics program contains a calibration function allowing the spectra to 
be given as a function of both channel number and energy.
The system has proven to be e f f ic ie n t ,  fas t, and provide suffic ient  
details but s t i l l  one has to contend with some disadvantages; of these 
the following are listed:
a) Because of the need to read magnetic tapes on the main frame this has 
to be done manually and involves computer operators.
b) Since the system uses SAMPO as the main mechanism for spectrum
analysis, there are disadvantages inherent in that code. These include
d if f ic u lt ie s  in processing low energy gamma-ray and x-ray spectra. SAMPO
also generally overestimates the error on the peak area determination
(table 5 .1 ).
c) In many cases, SAMPO fa i ls  in the f i t t in g  subroutine and halts in 
trying to obtain the square route of the background, i f  the la t te r  is 
found to be negative by the f i t t in g  procedure. The analyst intervention 
becomes necessary.
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CHAPTER SIX 
EXPERIMENTAL WORK - PART I METHODOLOGY
6.1. Introduction
The previous chapters have dealt with establishing software that assists 
in conducting a given experiment to detect a given radionuclide and 
provide a system that allows data processing as well as preservation of 
the original data. Although such work involved experimental work, most 
of the experimental work was either carried out to characterise a given 
variable (e.g. efficiency, photofraction e tc . . )  or to establish the 
optimisation, simulation or the testing of data transfer. However, the
experimental work involved here and succeeding chapters is concerned
with confirming a given experimental approach, the evaluation of a given 
procedure or to produce analytical results for a given sample or set of 
samples.
This chapter in particular w ill involve the irradiation fa c i l i t i e s  and 
procedures adopted. I t  w ill  also deal with sample and standard
preparation, and introduce the concept of mass fractionation. A new and 
a different approach to the sampling factor is introduced using mass 
fractionisation. In doing so, standard reference materials, standard 
analytical solutions, and geological samples were used. Uranium and
thorium standard solutions were used and from the short-lived fission  
products detected an investigation was carried out to explore which of 
these could be employed in the determination of uranium concentration. 
Cd-ratios were established and an attempt was made to determine uranium
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levels in some materials.
6.2. The Reactor Centre
All experimental work was carried out at the Reactor Centre, Silwood 
Park. The reactor is of a swimming pool type with a maximum power of 
100 kw. The fuel elements are 80% u-235 and consist of thin slabs (Al-u 
alloy), and aluminium cladding. The reactor is water cooled and
moderated. The reactor pool is made of aluminium and i t  is approximately
7m deep and 1.5m in diameter. The in le t and outlet temperature
difference is -10 °C. The heat exchanger is an external air-cooled
radiator. The reactor is controlled via four rods; one safety rod, two
shim rods, and one regulating rod. The safety and coarse rods are made
of cadmium and the regulating rod is made of stainless steel. Fig. (6.1) 
gives the reactor layout. The reactor pool is contained in the
biological radiation shield constructed by concrete of a thickness of 
2.5m. The shield is made of concrete blocks on two faces of the reactor 
to give access to some of the irradiation f a c i l i t ie s .  Figure (6 .2) gives 
an over view of the reactor.
6.2.1 Irradiation fa c i l i t ie s
The cyclic activation system was b u ilt  spec ifica lly  for the measurement 
of short-lived a c t iv it ie s . Figure (6.3) gives a schematic diagram of the 
system. The f l ig h t  tube selector allows samples to be either sent to the 
core for irradiation in either a bare aluminium tube or in a
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Cd-covered one. The thermal and epithermal fluxes for the bare and
cadmium covered tubes are -1.30 x 1012n/cm2 sec and 0.5 x 1012n/cm2S 
respectively. The rotating magazine can be loaded with 32 samples. 
Irradiation and counting times and the number of cycles can be set to the 
analyst's requirements, with a minimum transport time of 400ms. The 
system is provided with two detectors at the counting position. A Ge(Li) 
detector as well as a HPGe detector has been used to give a better record 
of a wider energy spectrum. Other fa c i l i t ie s  were used in other parts of 
this work. Since the main objective of this work is to optimise the 
signal-to-noise ra tio , Compton suppression was also employed. Because of 
the d i f f ic u lt ie s  involved in implementing a Compton suppression scheme 
with the work on CAS, the irradiation was carried out on I CIS [the 
In-Core Irradiation System] and measurements were carried out on the 
Compton suppression f a c i l i t y  situated on the horizontal beam used for the 
neutron capture prompt gamma-ray analysis system. Both systems w ill be 
described in detail in the relevant chapter. Longer irradiations were 
carried out in the core tubes where irradiation periods of several weeks 
are possible. Table (6.1) gives the flux values for the various 
fa c i1it ie s  [66].
6 .3 . Irradiation Procedures
Procedures discussed here are for short-lived a c tiv ity  measurements. 
Optimum procedures for a given sample can be drawn from the simulation 
and optimization programme, CYCL0PS85 but for samples with a large 
uranium content, simulation of a fission product spectrum is not possible
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Table 6.1 Summary of flux data for irradiation fa c i l i t ie s
F ac ility Positions Thermal flux Cd ratio Epithermal Fast flux
(n/cm2 /sec) for Au flux ratio  (n/cm2sec)
ICIS 2.27x1o]?
1 . 20x10 «
1.92x10  ^
0.63x10
2 . 2 0.054 1.17x10 \9 
0.52x10 £CAS Bare tube 2.3 0.049
CAS Cd tube 1.05 2.37 0.41x10 5
1 CT 1 , 6 0.16x10
(large tube)2 , 5 0.87 0.23
3, 4 1.01
0 . 86x10
3.2 0.028 0.25 »9 
0.25x102CT 1 , 6
2 , 5 1.20 0.35
3, 4 1•39 12 
0.79x10
3.0 0.032 0.38 ao
3CT 1 , 6 0.24x10
2 , 5 1.10 0.33
3, 4 1.28 12 
0.72x10
2.9 0.033 0.36 Ar, 
0.19x104CT 1 , 6
2 , 5 1.00 0.26
3, 4 1.16 12 
0.63x10
3.2 0.028 0.29 19
5CT 1 , 6 0 . 12x10
2 , 5 0 . 88 0.16
3, 4 1.02  12 
0.71x10
4.2 0.019 0.18
0 . 22x106CT 1 , 6
2 , 5 0.99 0.30
3, 4 1.15 19 
0.74x10
3.3 0.028 0.33 19 
0 . 22x107CT 1 , 6
2 , 5 1.03 0.30
3, 4 1. 19 1t 
0.14x10"
3.0 0.032 0.33 19 
0.14x108CT 1 , 6
(Cd tube) 2 , 5 0.20 0 . 20
3, 4 0.23
0.51x10"
1.04 4.15 0 . 22  4 n
0° f a c i l i ty 1 0.32x10
(STF) 2
3
0.74
0.98
0.56
0.76
4 1.20 3.0 0.031 0.95
5 1.40 1.11
6 1:46 ft2.7x10?
1 • 18 c
VTC Max . (base) 18 0.0036 <7x10?
Mid-height 1 . 8x10 160 0.0004 <7x10
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because of the wide range of energies and half-lives  obtained by 
irradiation of standard uranium solutions, the signal-to-noise ratio for 
cyclic activation analysis (CAA) compared to the single conventional 
one-shot irradiation and counting sequence (for one sample or replicate  
samples) and what has been termed pseudo-cyclic activation [67] have been 
conducted. The objective of this was to identify short-lived fission  
products detectable in a short-cycle period; and to identify the best
mode for these measurements. Table (6.2) gives the d ifferent modes 
u ti l ize d . Runs 1 through to 17 are used for the fission product work,
runs 14, 15, and 16 are used for preliminary testing of the mass
fractionation scheme. For the testing of mass fractionation using 
standard reference materials, the optimum mode for selenium detection 
(19s-2s-19s) *7 cycles was used for irradiation and counting of IAEA
Animal Blood, Muscle, and Bone. Soil-5 standard was also used, a mode of 
lm irradiation, lmin cooling, and lmin counting was adapted. The CAS 
system allows for three samples to be present at the same time; one in 
the irradiation position, another being cooled, and yet another sample in 
the counting position.
6.4. Sample and Standard Preparation
Since a large portion of the work is involved with the drawing up and 
testing of new methodology and establishing the simulation of a gamma 
spectra; standards with well known composition or standard analytical 
solutions carefully  prepared were required for successful results. Such 
standards were also used as comparators when analysis of samples was
Ta
bl
e 
(6
.2
) 
Mo
de
s 
us
ed
 
fo
r 
the
 
st
ud
y 
of 
fis
si
on
 
pr
od
uc
ts
 
to 
be 
us
ed
 
fo
r 
ur
an
iu
m
 
an
al
ys
is
-  131 -
Q .
CO
•r- fO
CL <D
Ll_
CD
CL
CD
CLQ
cn
LO
CO
LD  LD  LO  CO 
r^ - i-" -  co
l O L n o O C T C D O C D O C D  
CO CO CO CO CO CO CO CD CD CO
LD
to oc D L n L D L D c o c D L n L O L n o c o  l t >
CO CO
to o
CM
1 
- 
12 
cy
cl
e
14
-1
6 
on
e-
sh
ot
 
17 
ps
eu
do
 
cy
cl
ic
-  132 -
conducted. Because most of this work is involved with the determination 
of trace element concentrations extra care had to be taken when samples 
and standards were prepared. Most samples were either in powder or 
liquid form. Matrices in powder form were pelletised to reduce the error 
due to sample detector geometry, then encapsulated in appropriate 
polyethylene vials for the systems CAS, ICIS, or CT. For ICIS and CT 
irradiations samples are double encapsulated and the outer container is 
heat sealed. In the case of the CAS container the locking mechanism 
makes i t  unneccessary to heat seal i t .
In the case of liquid standards, a known aliquot volume is pipetted (30 - 
lOOpl) onto an analytical grade f i l t e r  paper and in a ll cases is heat 
sealed in the appropriate container. In the case of the CT tubes where 
the neutron flux is not uniform over the CT tube container; liquid  
standards sealed in polyethylene film are placed between the sample 
containers to correct for the flux depression. The CT tube containers 
are large containers that can take up to 10 sample capsules along their  
height.
6 .5 . Short-lived fission products and u-determination
Non-destructive elemental analysis, such as INAA is especially useful for 
large scale geological surveys and on-line processes. The detection of 
uranium using short-lived a c tiv ity  has been performed through the 
detection of delayed fission neutrons with neutron precursors ranging in 
the ir  half lives from 0.2 to 55^T or by the gamma-ray of U-239. As there 
is an interference from 74 keV Pb x-rays, and in many cases a delayed
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fission neutron block (DFNB) is absent, the possib ility  of using intense 
gamma-ray lines from fission products was investigated. Apart from this  
investigation, th is experimental work is carried out to investigate other 
problems. The high count rate , the large number of gamma rays, and the 
complexity of the fission spectrum provides ideal conditions to test some 
procedures and concepts.
In order to characterise and identify  the gamma-1ines which are 
candidates for this work standard analytical U-solution of U02 ( ^ 3)2  
containing lOOyg of uranium per ml were irradiated in 16 d ifferen t runs. 
The emphasis was laid on the cyclic mode because i t  can iden tify  
background peaks, interferences, and last but not least, allows an 
estimation of the half l i f e .  Enhancement of short-lived a c tiv ity  
compared to longer lived a c tiv ity  is inherent in the cyclic mode; large 
count rates due to short-lived a c tiv ity  can introduce dead time 
problems. I f  the dead time starts at a reasonable value but increases in 
la te r cycles, pseudo-cyclic can be adopted. However, where intolerable  
dead-time is encountered from the f i r s t  cycle, the usefulness of mass 
fractionation should be investigated.
In the 16 experimental runs over ninety gamma lines were detected. Half 
lives from the data obtained in cyclic mode were calculated in order to 
confirm th e ir source or to identify  the presence of any interference. 
Linear weighted least squares f i t t in g  was conducted to check for 
lin e a r ity . From the slope and intercept of such a graph, the h a lf - l i f e  
can be estimated. I t  has been shown that the cumulative detector 
response in cyclic mode is
(6. 1)
Dc D(1)
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where D (l) is the detector response after one cycle incorporating all 
activation and counting parameters, 
and n - number of cycles
X - decay constant of isotope of interest 
and T - cyclic period.
I f  nxT is large, then exp (-nxT) tends to zero and the cumulative 
detector response can be written as
Dc(n) = an + b
where a = D (l) and b = D(l) e~xT (6 . 2 )
l - e “^  ( i_ e-xT )2
The h a lf - l i fe  of a given radioisotope can be calculated from the equation
t .  = Tln2 (6 .3 )
2 ln ( l-a /b )
Equation (6 .3 ) allows us to estimate the h a lf - l i fe  of a given 
radioisotope, but in addition i t  w ill give a way of identifying  
interferences and allow the estimation of the h a lf - l i fe  of two 
radioisotopes emitting the same gamma energy through th e ir complex growth 
a c tiv ity  scheme. Photopeaks with high detection sen s itiv ity  and with no 
interference from other fission products were used for the determination 
of uranium in geological samples with a concentration varying from 
100-400 ppm. Because of the dead time encountered even with a mass of as 
low as 20mg; mass-fractionation was used.
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6 . 6 . Mass fractionation
In some cases, the mass of a sample is restricted due to the a c tiv ity  
produced and the dead time or problems incurred, due to reactor 
regulations. In other cases geologists require the irradiation of large 
samples 20-30g to obtain a meaningful resu lt. In cases where the element 
of interest is present in very small concentration <lppm or where the 
element is present in small ingots, the probability of taking a sample 
representative of the material is d irec tly  proportional to its  mass. On 
the other hand larger mass means larger dead time.
In the case of standard reference materials masses of 100-250mg are 
recommended in order to have a representative mass. I t  has always been 
questionable whether to use either a smaller mass in order to avoid dead 
time problems or to use a representative mass and try  to correct for dead 
time. In the case of geological materials e.g. so il-5  IAEA standard, a 
mass of lOOmg w ill take the dead time to 100% in cyclic activation or 
conventional short irrad iation  mode causing the measuring chain to 
shut-off. Variation of the sample detector geometry is often not desired 
i f  at a ll possible without major work.
Mass fractionation provides an alternative way to meet the d if f ic u lt  
requirement mentioned above. The required mass of the sample is divided 
into two or more parts, so as not to give large dead time for any given 
frac tio n . The measured gamma spectra are then corrected for dead time 
individually and added together to obtain an overall spectrum.
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To test the concept b iological, geological, and standard solutions were 
used. Biological standards were used in order to be able to have both 
fractional and whole samples used with minimum dead time. In both cases 
the basic concept of adding the spectra of each fraction is then tested 
for a re a lis tic  matrix. Samples of the IAEA's Animal Blood, Animal Bone 
and Animal Muscle were used. The output was compared for each fraction  
individually with respect to the other as pulses/mg of the material to 
establish the sort of variation from one fraction to another, as well as 
the output for the summed fractions compared to another sample prepared 
with its  mass being as close as possible to the mass of the summed
frac tio n . This was carried further by determining the concentration of 
detected elements and comparing with results obtained from the
non-fractioned sample and with c e rtified  values wherever possible.
6 .7 . Results
The spectra of uranium standards were processed and the average 
se n s itiv ities  and the ir associated errors were calculated. In the 16
experimental runs over ninety gamma lines were detected, but only a few 
with the highest sen s itiv ity  and least error were chosen for u tiliz a tio n  
in the determination of the uranium concentration in geological samples. 
Table (6 .3 ) lis ts  the sen s itiv ities  obtained for the gamma lines in the 
d iffe ren t modes. The rest of the y -lin e  compilation with th e ir
s en s itiv ities  and associated standard deviation are given in App. ( IV ) .  
In Table (6 .3 ) the variation of s en s itiv ity  from one run to another where 
the same detector and neutron flux were u t iliz e d , is an indication of the
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Table 6.3 Sample of the measured fission product data and th e ir  
sen s itiv ities  and associated errors for U-determination
r * *
Lym 74.7 93.6 97.7 108.8 121.7 142.4 197.3 218.5 296.5
Eye 74.7 93.63 97.8 108.82 121.8 142.4 197/. 33 218.59 296.53
Tim(s) 31.5 15.1 8.6 32.5 1.8 21.2 41.5 41.3
TiC(s) 23min
2 32.5 14.8 8.57 32.32 1.8 45.0 39.5 39.5
nuclide U-239 Rb-91 Nb-99 Kr-91 Kr-90 Kr-92 1-136 Xe-139 Xe-139
Run
1 7114±11 19214 339+6 15516 293+7 56.516 13318 175+6 12516
5 4058110 128+6 266+10 128H1 25713 4313 90111 11917 9414
6 3967±4 124+6 239+5 105+7 20217 - 83110 11416 7114
2 8319±3 21812 37713 161+2 313+1 34112 136+4 20415 11613
7 8844±6 241110 394111 161+10 33719 _ 147114;121415 10616
10 9009±5 25213 413+5 16414 35912 39+16 158+10 23314 11314
8 123+55 1816 5413 18+4 37112 29112 2214 2817 29+7
12 7.2±13 - - - -  ■ - - - -
3 6047±6 2313 5818 2216 3816 - 24133 3118
9 1728+3 4110 1117 5110 617 _ - 1.716 -
11 463±50 9112 17112 8121 13118 - - 3+23 -
4 2407±13 45112 74112 31117 55116 - 10+21 13117 -
14 11942±5 13113 50110 _ 88+8 _ 41+4 114416 1719
15 12750121 129H8: 56128 - 8912.3 - 40+1 2450+4 1813
16 1458314 132+2 5411 - 8813 - 4011 223511 18+3
17 326912 16313 43514 20811 37115 38121 125111 6612+19 12716
* errors in per cent
* *  m measured c candidat
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h a lf - l i fe  of the nuclide detected, e.g. Kr-92 (142 keV) and h a lf - l i fe  of 
1.8s decreases in sen s itiv ity  with an increase in the cycle period. 
Sim ilarly this applies to Xe-140 (118 keV, 13.6s), Y-99 (130 keV, 1.5s), 
Rb-91 (93 keV, 31.48s), Nb-99 (97.7 keV 15.1s) and Ba-143 (211 keV, 
14.5s). I t  should also be mentioned that the sens itiv ity  of the 
short-lived ac tiv ity  is highest when using the pseudo cyclic mode (17). 
Yet an optimum cyclic mode w ill give comparable sens itiv ity  for fission  
products with h a lf-lives  between 10 and 40s. However, shorter lived 
a c tiv it ie s , l-10s, either only show in the pseudo-cyclic mode, or are 
obtained with better sen s itiv ity , e.g (Cs-143 (612.2 keV, 1.78s), Y-96m 
(617.3 keV, 10s), Sr-95 (685.3 keV, 24s)).
H a lf - l ife  is measured through the increase of the detector response to a 
given gamma line with cycle number, as has been mentioned. Fig. (6 .4) 
shows the growth of the a c tiv ity  of several fission products and 
demonstrates the lin e a rity  of the growth of the detector response as a 
function of the cycle number. Photopeaks with a positive intercept and a 
slope close to one indicate that they are photopeaks of background 
orig in . Another kind of interference which is also detected, is the 
contribution of the Pb X-ray to the 74 keV uranium gamma lin e . The 
interference in this case is proportional to the to ta l a c tiv ity  of the 
sample. Fig. (6 .5) shows the nature of such an interference. On the 
other hand, i f  two radionuclides contribute to a given gamma lin e , the 
detector response versus the number of cycles shows a complex growth 
scheme that could be stripped to deduce the two h a lf-liv e s  e.g. for the 
85 keV gamma lin e , Fig. (6 .6) shows such a nature of interference. The 
error bars for each cumulative detector response is calculated and
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Fig. (6 .6 ) Signal growth of the 85 KeV due to d iffe ren t  
radioisotopes with d iffe ren t decay constants
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plotted. I t  shows clearly  that the longer lived a c tiv ity  is the main 
contributor beyond the 12th cycle. The interpolation of the shorter 
lived a c tiv ity  allows the deduction of the longer lived a c tiv ity  and 
hence measurement of its half l i f e .  Fig. (6 .6) is actually obtained for 
Sn-132 and Gd-161 both emitting 85 keV gamma rays. The two half lives 
obtained are 40.9s and 201.9s, compared to reported values of 44.29s and 
221.4s respectively.
I t  is d i f f ic u lt ,  however, to conduct such a procedure for a gamma line  
with more than two contributors, because of the number of cycle being the 
mesh point; much shorter cycles (<5s) are generally d if f ic u lt  to deal 
with ana ly tica lly; and would require a d iffe ren t design for the sample 
transport system.
Interference from gamma-rays present in the background could also be 
detected in the cyclic mode where the f i t t in g  of the cumulative detector 
response versus cycle number gives a positive intercept. This proves 
that the source of radiation was present prior to the s tart of the cycles 
and therefore could be rejected when analysis is considered.
Mass fractionation conducted using standard solutions of uranium showed 
clearly  that the concept of adding the spectra is va lid . I t  was le f t  to 
try  real samples to eliminate any matrix effects or inhomogeneiety 
effects . Table (6 .4 ) gives the s e n s itiv ities  (pulses per y gram of 
element) for the detected elements in the fractionated samples and the 
unfractionated samples with comparable mass, using IAEA animal blood, 
animal bone and animal muscle. Table (6 .5 ) gives the concentration of
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Table (6.4) Sensitivities (pulses/vg) for the fractioned and whole 
samples
ele
Animal
E
Blood
NF F
Animal
NF
Muscle
F
Animal
NF
Bone
F
Se 161 14.4 17.3 14.3 15.6 11.7 9.9
Br 208 9.4 10.6 - - - -
Ti 320 10.7 12.1 10.1 16.7 12.6 15.4
I 440 56.8 61.4 10.0 9.2 23.6 30.1
Rb 555 - - - - - -
Sb 564 9.7 11.4 7.0 18.9 11.2 11.6
Ag 657 - - - - - -
Mg 1014 5.7 5.9 6.5 6.7 8.6 9.4
Fe 1099 6.1 6.2 6.4 6.1 4.5 4.9
F 1632 14.0 14.7 - 3.1 17.0 21.3
Cl 2167 14.3 82.6 12.2 12.5 5.8 4.9
Na 2755 32.0 38.0 9.9 13.6 21.3 18.9
Ca 3085 - - - - 89.3 71.9
Cl 1642 70.1 70.1 11.2 12.5 5.5 5.6
NF - sample in one mass 
F - fractionated sample
ND 
not 
detected 
in 
the 
standard
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the fractionated and unfractionated sample for the detectable elements. 
Reported ce rtifie d  values are included as a reference. Values obtained 
for both modes agree w ell, both in sens itiv ities  and determination of 
concentration except where a large portion of the elemental composition 
is found in the blank container i .e .  197 keV 0-19 or where the element 
has large background contributions [Mn-56 834 keV, Na-24 1368 keV
and 2754 keV] gamma lines. Another type of error is due to fast neutrons 
e.g. F-20 with a given 1632 keV gamma ray has a large interference from 
Na23 via the (n,«) reaction producing F-20.
The extent of interference was reported to 
be lmg of sodium as equivalent to -27 jig of flo rin e  [68 ]. S im ilarly
1-133 emitting 442 keV has potential interference from Ne23 produced from 
23Na (n,p) Ne23 emitting a sim ilar energy.
Two samples of geological origin were analysed using mass fractionation  
for illu s tra tiv e  purposes. The concentration calculated using the 74 keV 
gamma line of U-235 gave a result of 302 ± 34.3 ppm and 82 ± 1 2  ppm 
respectively. Table (6 .6) gives the results obtained using the most 
intense gamma lines from the fission products. The results are in 
reasonable agreement, but interference causing a scatter in the results  
of d iffe ren t fission product lines must be eradicated before the method 
could be introduced as an established analytical method for uranium 
determination.
6 .8 . Thorium Interference
Another problem to contend with is the contribution of Thorium to the
i
fission products. Lines were assumed to be solely from uranium. In real
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samples Thorium and uranium exist together in geological matrices. As 
an attempt to solve the problem and possibly separate the detector 
response to Thorium from that of Uranium in a given gamma-ray energy, 
solutions of Thorium and Uranium were irradiated both in bare and 
Cd-covered tubes in order to determine the Cd ra tio  for the most intense 
lines selected. In addition in order to determine the extent of the 
interference in uranium, the ra tio  of the detector response of Uranium 
to Thorium for the same line is examined. Generally the 
count rate per yg of Uranium is much higher than the count rate per yg of 
Thorium. This is why the uranium to thorium count-rate ra tio  is high. 
Real samples used have a higher concentration of uranium than thorium, 
and therefore results for thorium are associated with large errors.
Table (6.6) Concentration of uranium obtained from the fission product 
and from the 74 keV
Energy (per) Sample 1 Sample 2
74 302 ± 34.3 82 ± 12.0
97.6 278 ± 10 84 ± 10.0
121.7 240 ± 2 2 .5 77 ± 6
197.3 293 ± 38 87 ± 8
The approach here describes the use of two standard analytical solutions 
to establish the s e n s itiv ity  of uranium and thorium (counts/yg) for the 
aluminium tube and another two for the Cd-covered one. Two samples
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of the material in question were prepared and irradiated along with the
standards in each tube. The output for a given gamma line was processed
and sen s itiv ities  for the standards were calculated, Sua and S-fca
being the sens itiv ities  of uranium and thorium in the aluminium tube, and 
Suc and S-fcc the sen s itiv ities  for the Cd-covered tube respectively. 
The sens itiv ities  for the sample in the aluminium and cadmium tubes would 
. be given as S/\ and Sq (counts/g) for a given gamma line are given 
by
cu • suA + ct  • STA = SA (6 -4 )
Cu * Sue + Ct • Syc = Sc
where Cu and C-t are the uranium and thorium concentrations 
respectively. Solving the two equations w ill give the relevant
concentrations. Results have given acceptable values for the uranium 
concentration but s t i l l  fa iled  to give a correct value for the thorium. 
This is mainly due to the much smaller detector response for thorium 
compared with uranium. In addition for the exceptional cases where both 
responses are comparable the error involved in the thorium determination 
is s t i l l  too large. The uranium to thorium response is measured through 
the ra tio  of the uranium to thorium detector response referred to here as 
the analytical ra tio . Table (6 .7 ) gives the analytical and Cadmium 
ratios (AR-CR) for the A1 and Cd tube. The analytical ra tio  is generally 
small. This unfortunately means lower se n s itiv ity  to Th than U. In 
cases where the ra tio  is large for the A1 tube e .g . for 121.7 keV and 138 
keV i t  is substantially small for the Cd tube or the Th detector response 
is zero. Further study of the Th-U signal separation led to 
determination of the signal-to-noise ra tio  for Th in a spectrum of 30yg
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Table (6.7) Cadmium ratios and analytical ratios
E
Y ^cdr ^cdr AR(Th/u)AL AR(TH/u)cd EY ' ^cdr "^cdr aral
AR , cd
85 2.4 2.8 0.44 2.0 381 6.7 +
93 6.6 3.3 1.9 1.1 388 + - + -
97 5.4 - + + 397 7.0 + 22.7 -
103 4.1 - + + 410 + - + -
108 5.2 2.3 4.9 0.5 430 4.6 - + +
118 4.5 - + + 441 + - + 2.2 -
121. 7 6.9 1.4 19.7 2 455 + - + -
130 + - + - 455 + - + -
138 5.7 1.8 41.7 0.8 469 + - + -
147 + - + - 491 4.7 - + -
157 9.6 - + + 504 + - + +
159 + - + - 528 6.2 - + +
168 + 1.4 0.52 + 535 + - + 0.5
175 4.6 - + + 540 + - + -
192 2.9 + 7.2 + 589 3.2 - + -
197 5.0 3.5 2.2 .98 602 + 0.99 5.0 0.7
212 4.7 - + + 612 + - + -
219 4.9 + 18.8 + 685 + - + -
242 3.8 - + + 697 + - + -
247 2.7 - + + 724 + - + -
258 4.7 + 12.1 0.6 774 + - + -
269 2.8 - + 0.7 787 + - + -
276 5.5 + + 0.8 798 + - + -
290 5.6 - + + 805 + - + -
296 4.8 + + 0.7 845 + -  ■ + -
301 + - + - 974 + - + ■ -
333 + - + 979 + - + -
340 + - + - 1118 + - + -
345
357
+
+ -
+
+ -
1427 7.5 + +
+ one value is zero 
- both values are zero
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of Th and 30ag of Uranium . This was made possible by irradiating two
samples of each in A1 tube and the other in Cd covered one. This showed
a very small signal-to-noise ra tio  change for the thorium and hence a 
large error is associated with thorium determination in the presence of 
Uranium (between 70-100%). Another reason could be related to the
response obtained for Th irradiation in the Cd-covered tube and the bare 
aluminium one. Fig. (6 .7) gives the response of thorium in both tubes. 
The two spectra are very close,suggesting that an insignificant 
distinction is made by the use of the A1 and Cd covered tube for the
thorium. When a closer look is taken, i t  was obvious because the
threshold for Th-232 fission is greater than 1 MeV. On the other hand 
because of the variation in thermal fission in U-235 and U-238 the
difference between bare and Cd-covered irradiations of uranium are very 
obvious f ig . (6 .8 ) . Gamma-ray energies due to neutron capture in Th-232 
cannot be used because of the re la tiv e ly  low thermal cross section 
(7 .4b ), long half l i f e  (22.5 min) and low yield (a ll < 1%). In addition 
matrices where such analysis is carried out (geological, in d u s tr ia l.. .)  
tend to have a large a c tiv ity  matrix (e .g . S i, A l, Na . . . . )  and therefore 
mask such a signal. For the determination of thorium, there is no 
alternative but to employ long lived a c tiv ity  as w ill be demonstrated in
a la ter chapter in the analysis of geological samples.
6 .9 . Sampling factor
When a material is to be analysed, a sample is taken for analysis. Such 
a sample is assumed to be representative of the whole of the m ateria l.
CO
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But in re a lity , most materials subject to analysis are never homogenous. 
Biological, environmental and geological materials come at the top of 
such a l is t .  Materials are made more acceptable for analysis by making 
them uniform. A sample being uniform, however does not mean i t  is 
homogenous. In a homogenous sample the determinands are evenly 
distributed, which in principle w ill allow the analyst to take any mass 
of the sample - however small -  and obtain representative results 
provided that the methodology adapted possessed the sen s itiv ity  needed. 
On the other hand a uniform sample has its  determinands randomly 
distributed. In such a sample a detected element may not give 
representative results unless the sample mass taken is representative in 
the f i r s t  place. A sampling factor is defined as the mass of material 
needed to reduce the contribution from sample heterogeneity to one per 
cent[69]. Such a factor was f i r s t  introduced for geological samples and 
defined as
Ks = R2m (6 .5)
K jh c i r t  f t  /s  /A c  v a ^ r ia A M X.
The concept has been extended to other kinds of samples. Because such a 
quantity is a function of the element and material in question i t  would 
have to be determined for a given element in a given matrix. The element 
with the lowest concentration would have the highest sampling fac to r, and 
therefore could be considered as the recommended mass for analysis. The 
sampling factor is matrix and specific element dependent, and generally 
determined experimentally by rep licate  analysis. I f  the analytical 
uncertainty is assumed to be neglig ib le , the sampling factor can be 
determined as the product of the variance and the sample mass:
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Kc = mz(Yi y)  *  101* (6 .6 )
(n-y) y '2
where m is the sample mass of one rep licate , Yi is the concentration for 
the ith t r ia l  and y is the mean value for the n determinations. I t  is 
not s tr ic t ly  true to ignore the experimental uncertainty, and therefore 
i t  is estimated through a s ta tis t ic a lly  controlled experiment. The 
sampling factor then is given by
where ar is the average estimated standard deviation [71 ]. Such an
approach has been the basic approach for most work on sampling factors.
Work on this problem has however been minimal and most analysts pay
l i t t l e  attention to the problem. In fact the sample mass is usually
dictated by the apparatus and method used rather than by thes
reprg4ntative mass of the m aterial. This is because of the complexity of 
the estimation involved, and the tedious s ta tis tic a l procedures which 
need to be carried out [70 ,72 ,73 ,74]. Since mass fractionation has been 
proven to be a sound approach we would employ i t  and propose a way that 
could be implemented easily . The basic idea is to sample a large number 
of fractions of the material (eg 20-30 fractions) ensuring that each 
fraction is well below the representative mass of the m ateria l. Each
fraction is taken to have a mass less than the expected representative
mass by a factor of 10-20. The fractions are prepared, irrad iated and 
measured in one run and in the same mode to ensure that analytical
uncertaint/«s are the same for a ll fractions within the s ta tis t ic a l
lim its . From the detector response for a given element (radionuclide)
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for individual fractions, a standard deviation can be calculated. 
Sim ilarly a standard deviation can be calculated for the detector 
response for two fractions, three fractions, and so on. These standard 
deviations are produced for the same matrix, method and spectra, the only 
variable being the mass used in each time. This would therefore provide 
a plot of the standard deviation against variable masses of the sample, 
which have been treated in exactly the same way. The variation due to 
the analytical procedure is constant and the only variation possible 
would be due to the sample size variation. The error decreases sharply 
as the mass increases and levels off when the representative mass is 
reached. A plot of the reciprocal of the error versus mass gives a 
straight line with a slope equal to (1/KS) . Weighted least squares 
f i t t in g  provides the best Ks value for the f i t .  The analytical 
material used in the experiments was IAEA so il-5  standard. The sampling 
factor was calculated from the results and compared to the representative
mass suggested by the Agency. Sixty mass fractions of approximately 5 mg
were irradiated for 1 minute in the Cd-covered tube of the CAS system, 
cooled for 1 min and counted for 1 min. The mode used allows for the 
sixty samples to be processed in one hour as explained e a r lie r . The 
graphs for the elements Dy, Sc, Hf, T i, Sb, and V in terms of the 
standard deviation versus the mass are given in Figures (6 .9 ) and (6 .1 0 ). 
In Fig. (6 .9 ) , the error starts high due to both the sampling and the 
small number of counts registered. Once the sample mass is near to being 
representative of the material the error levels o ff . A further increase
in mass gives better s ta tis tic s , forcing the error to drop even fu rth er.
The plot of the reciprocal of the square of the standard deviation versus 
the sample mass should y ield  a linear function (Fig. 6 .10 ). Weighted
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least squares f i t t in g  is performed on the data, with the weights being 
the normalised mass. The slope is the inverse of the sampling factor and 
the intercept should in principle be zero. Table(6.8) gives the sampling 
—  factors, th e ir associated errors and the normalized intercept.
Values of the sampling factor having over 20% error or an intercept 
larger than 0.2 are discarded for obvious reasons. The representative 
mass obtained for s o il-5 with acceptable error agrees with the 
recommended value by the Agency. On the other hand, values for the 
sampling factor obtained with large error (e .g . Dy, Te) had generally 
large error for each fraction or number of fractions, indicating that a 
more suitable irrad ia tion  and measurement procedure should be adopted.
Table (6.8) Representative mass for various elements in IAEA Soil-5 
standard*
ELEMENT K(m9) Ek(%) Intercept
Dy 413 20.4 0.3
Sc 113.4 5.1 0.037
Hf 129.7 3.5 0.19
Ti 161.8 3.5 0.U1
Te 31.7 2.3 0.67
V 91.3 2.6 0.26
Sb 119.5 4.7 0.11
*mass to be used for analysis, suggested by Agency is >100mg
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CHAPTER SEVEN 
EXPERIMENTAL WORK PART I I  -  THE SUPPRESSION OF COMPTON SCATTERING
__7.1. Introduction
The enhancement of the detection of a given radioisotope of interest in a 
given matrix is optimised through either the improvement of the
production of the radioisotope of in terest, or the reduction of the
background where the signal of interest is expected. In this context the 
employment of the cyclic mode with a Compton suppression system to detect 
a radioisotope produced in an optimum mode would give the best possible 
signal for the radioisotope in question. The Compton suppression system 
gives a better signal-to-noise ra tio  by minimising the Compton scattering  
events which are registered in the spectrum. Compton supression is a 
well known technique and has been established for a considerable time 
[80 ]. The technique has been, however, applied to longer lived a c tiv ity  
measurement [8 1 ]. The objective of this work is to u t i l iz e  the technique 
for shorter lived a c tiv it ie s , since in the measurement of short-lived  
a c tiv ity  gamma ray spectra, most of the gamma rays of interest have low
energy and hence fa l l  on the Compton continuum of a major element in the
matrix. In our case, the only Compton supression system available at the 
ICRC is installed on the prompt gamma ray neutron capture beam fa c i l i t y  
and i t  is d i f f ic u lt ,  i f  not impossible, to move i t  to the CAS system. In 
order therefore to examine the advantages of applying the technique to 
short-lived a c tiv ity  the system was used with the neutron beam closed. 
The irrad ia tion  of the samples was performed on the I CIS system, and 
transfer to the Compton supression counting system was conducted
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manually. This allowed us to determine the degree of enhancement of the 
signal-to-noise ra tio  of several nuclides of in teres t,s i nee the 
sen s itiv ity  of detection of any signal is a function of that signal to 
the background underneath i t ,  and the la tte r  is a function of the 
intensity of the various gamma rays making up the spectrum. The 
signal-to-noise ra tio  w ill vary according to the matrix in question. To 
generalise this assessment d ifferent matrices, zoological, geological and 
botanical samples and multi-element standards were used.
7.2. The advantage factor
In order to examine the advantages of Compton suppression compared with 
normal detection, an advantage factor has been defined as the ra tio  of 
the peak reduction factor over the Compton reduction factor [82 ]. These 
reduction factors being the Compton suppressed signal over the normal 
signal measurement values. However, in our case, although the advantage 
factor is s im ilarly  defined, we have used the signal-to-noise ra tio  
instead in the Compton suppressed and normal measurements because the 
error associated with the measurement of a given signal and the detection 
lim it of the signal are proportional to the square root of the 
background.
7.3. Compton suppression spectrometer system
When radiation is detected, for each gamma ray line a complete spectrum
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starting at low energies extending to the value of the gamma ray energy 
is observed, the detector response comprising a fu ll  energy photopeak 
with a scattering continuum. I f  a fu ll energy photopeak of interest 
fa lls  on such a continuum, a reduction in the continuum would mean a 
better chance of detection for the gamma-ray of in terest, and 
consequently a better detection lim it is obtained. The reduction in 
the continuum is attained by employing an annular Nal(Tl) crystal to 
surround the high resolution Ge(Li) detector. The Ge(Li) detector signal 
is gated in an anti-coincidence mode with the Nal(Tl) detector signal. 
The detector assembley is shown in Fig (7 .1 ). The Nal(Tl) crystal is 
connected to 4 photomultipliers, the output of which is fed into a dual 
sum and invert ion unit (ORTEC 433A) which produces one amplified output
for the N al(T l) crysta l. This output is fed into a time analyser
(NC-26). The time analyser produces a signal which is used to gate the 
Ge(Li) signal by using a Camberra (1451) linear gate. The Ge(Li) signal 
having gone through the pream plifier, and am plifier stages is passed 
through a delay am plifier (Camberra 1457) where the signal is delayed for
2-3 ys and then fed into the linear gate. I f  the signal is allowed to 
pass (no coincidence) the gate, i t  is fed into an ADC and a 35+ Cambera 
MCA. The displayed spectrum is stored on a floppy disk using a BBC 
microcomputer. The system is operated in the anti-coincidence mode where 
the Ge(Li) gamma-ray spectrum is Compton suppressed but can also be used 
for conventional measurements. Thus an assessment of the Compton
suppressed results is carried out by comparison. Fig. (7 .2) gives the
layout of the measuring chain, and Table (7 .1 ) gives the Ge(Li) and 
N al(Tl) detector specifications.
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Table(7 .1) The specification of the dection block
Type
Active Volume 
Di ameter 
Length
P-Core Diameter 
Diffusion Depth 
E H T 
Current 
Capacitance 
F W H M
Peak to Compton Ratio 
Nal Crystal
True Coaxial
72 cm3
45 mm
45 mm
8 mm
0.5 mm
+3000 volts
50 pA/3000 V
18 pF/3000 V
2.1 KeV/1332 KeV*
35:1
8" dia x 8" high
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Fig. (7 .1 ) The measurement position detector assemb1eyi'[83]
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7.4. The external neutron beam fa c i l i ty
Even though the fa c i l i ty  is only being used as a measurement station, i t  
is important to learn how the neutron beam collimator is constructed, and 
more importantly the sort of shielding which is provided both for 
neutrons and gamma-rays.
The collimator its e lf  is made of a tube which is about half a metre from 
the reactor core and extends for about 2.6 metres(Fig 7 .3 ). The tube is 
made of eight sections. The f i r s t  five  sections are 0.3m in length and 
are made of mild steel except for the last one, which is made of 
non-antimonial lead. The other sections are 0.4m in length and made of 
non-antimonial lead as w ell. Borated polyethylene is used as the
lin in g . The inner most diameter of the collimator is 89mm at the core
end and narrowed down to 25.4mm where the beam emerges from the reactor
shield. The collimator is lined with a 0.5mm cadmium sheet to minimize
the collimator thermal absorption. The last section of the beam 
structure is the shutter assembly which is 178mm long and 50mm in 
diameter and made of tungsten a lloy . I t  is held in position by a
rotating steel block driven by an e le c tric  motor. Outside the reactor
shield, shielding is provided by a 0.1m thick led wall lined with cadmium
sheet and 0.3m of "Jabroc" resin-impregnated wood laminate extending from 
the floor level to a height of about 1.8m. The sample position is found 
within the lead shield facing the detector assembly. The shield has a 
hole which can be closed with a lead plug at the bottom of which the 
sample holder is conveniently attached. Samples, undergoing prompt y-ray  
neutron activation analysis are usually oriented at 45 ° to both the
-  162 -
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neutron beam and detector axis [as shown in Fig (7 .1 )] ;  but in our case, 
since we are only using the fa c i l i ty  as a detection system, irradiated  
samples are placed facing the detector assembly for minimum self 
shielding and maximum solid angle.
Irrad iation  is conducted on the In-Core-Irradiation System ( ICIS). ICIS 
is located in the middle of the core Fig. (7 .4) and provides the highest 
flu x . The pneumatic transfer system allows the sample to be transferred 
either to the top of the reactor or to the radiochemical laboratory. The 
pneumatic tube is made of aluminium alloy with an internal diameter of 
19mm and a wall thickness of 1.7mm. The tube section in the core is 
encased in another aluminium alloy tube. The samples are encapsulated in 
two containers with the outer one being heat sealed to prevent possible 
accidents. The capsules are transferred using pressurised nitrogen at 2 
atmospheric pressures and controlled by two solenoid operated values. 
Electromechanical clocks are used to trigger the respective valves.
Irrad iation  on the ICIS system is allowed for up to one hour. I f  the
a c tiv ity  of an irradiated sample is over the safety lim it for
transferring to the radiochemical laboratories, the sample is 
automatically transferred to a shielded storage position.
7.5. Experimental procedure
The main aim is to detect short lived isotopes using the Compton
suppression system in order to determine whether its  improvement is 
effected.
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As mentioned before because of the lack of a transfer system between the 
irrad iation and measurement positions, a sample is irradiated and then 
transferred to the ICIS station via the pneumatic transfer system where 
i t  is received in a bucket handled by long tongs (1.5m) and transferred 
into a shielded plexiglass box. The outer container is removed and the 
sample is attached by cellotape to the measurement position. The lead 
plug is marked for correct orientation of the sample holder and 
reproducible positioning.
Samples are irradiated for 5 minutes and counted for the same period. 
One minute is allowed for the transfer of the sample after the end of 
irrad ia tio n , to the counting position. In each run two identical samples 
(with sample mass being as close as possible) are measured one 
in coincidence and the other in anti-coincidence modes. The spectral 
data are recorded on floppy disk and loaded on the Prime system at the 
University for spectrum analysis.
7.6. Compton system performance
The system performance was examined through its  effic iency resolution and 
most importantly through its  signal-to-noise ra tio  and hence advantage 
fac to r. Because of the reduction in the photopeak counts due to random 
coincidences the effic iency is expected to suffer s light reduction. 
Fig. (7 .5 ) gives the absolute effic iency of the system in the suppression 
mode, and Fig. (7 .6) gives the ra tio  of the detector responses in the 
Compton and non-Compton suppressed modes for standard gamma-ray sources
-  166 -
_2
X10
-Q
X102 
Energy (KeV).
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used for the effic iency mesurements. Because the only variation  
encountered is the mode of measurement, the deviation indicates the
change in the system effic iency. The resolution of the system for both 
modes is given in Fig. (7 .7 ). No variation in the resolution of the 
system is revealed as expected, since the fluctuation in the electronic 
pulse is a function of the charge carriers in the crystal and hence 
variation in the resolution is independent of the mode of measurement 
involved.
The signal-to-noise ra tio  however, is a more complicated function 
depending on the convexity of the gamma-ray spectrum which is a function 
of the irrad iation  and measurement procedure and sample composition. The 
irrad iation  and measurement procedure used was mainly for the production
and measurement of short-lived a c tiv ity  and a variety  of samples,
geological, zoological, and botanical, were used to calculate the
d iffe ren t advantage factors obtained by the Compton suppression for these 
matrices along with the signal-to-noise ra tio  for each radionuclide. 
Table (7 .2) gives the results for Mo, I ,  Rb, Br, Ba, Mg, Cu, In , Na, V, 
K, Cl, A l, and Mn in the various matrices where the Compton continuum 
upon which most of the gamma-ray lines associated with these elements lay 
was considerably reduced. Figure (7 .8) shows the reduction of the 662 
keV gamma-ray line of CS-137 with the averaged factor indicated for 
d iffe ren t parts. More importantly the reduction in the background means 
lower detection lim its  for most elements with low fu ll-energy  
photopeaks. Table (7 .2 ) gives the calculated detection lim its  for 
elements observed. Most elements detected have shown lower detection 
lim its  in the Compton suppressed mode, as expected. Table (7 .3 ) gives
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the signal-to-noise ratio  for the detected elements and their advantage 
factors. For most elements the advantage factor is greater than one but 
the improvement is less than the reduction factor in the background (-  
factor of 5 ). This is because the advantage factor is proportional to the 
ra tio  of the square root of the backgrounds, and the signal is hardly 
affected by the change between the Compton suppressed and conventional 
mode.
In spite of the encouraging results obtained in combining in-core 
irrad iation with detection via Compton suppression, the lack of a
transportation system, made i t  impossible to detect very short lived
a c tiv ity  (Clmin). Reduction of the to ta l experiment time to *5min is
s t i l l  d i f f ic u lt ,  and the employment of the cyclic mode of activation  
combined with the Compton suppression system unattainable. Considering 
however, the time saved in employing short-lived a c tiv ity  for the 
determination of elemental composition of many matrices, i t  would s t i l l  
be worthwhile to examine the fe a s ib il ity  of carrying out cyclic
activation analysis with a Compton suppression system in the future.
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CHAPTER EIGHT
EXPERIMENTAL WORK PART I I I  -  ANALYSIS OF GEOLOGICAL SAMPLES
8 .1 . Introduction
Neutron activation analysis has made a major contribution to the analysis 
of geological samples in the last three decades. Over 60 elements have 
been detected using one form or another of the technique. This work has 
been conducted in order to apply the analytical techniques examined 
e a rlie r and u tilis e  the simulation and optimization programs developed 
for the detection of a given radioisotope, when practical and actual 
circumstances allow the use of optimum conditions.
The detection systems utilised  by the University of Surrey at the ICRC 
have been associated with ICIS, CAS and the prompt gamma-ray capture 
beam. When longer irradiations are carried out in the core tubes, the 
samples are taken back to the University for measurement. Measurement of 
medium lived nuclides was therefore some how restric ted . The attempt has 
been to measure i t  from the long irrad iation  run at an elevated sample
detector height. The simulation provided a way of detecting possible
interference from longer lived a c tiv ity , and therefore provided a way for 
knowing the elements that could be detected without interference prior to 
the conduction of the experimental work. Through the simulation of the 
detector response and the associated error for a given photopeak the
simulation output also gave a good indication as to how well a particu lar
gamma line could be detected.
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The main aim of the analytical exercise is to analyse a set of geological 
samples, from a geological survey conducted in the Syrian Arab Republic 
for the ir U-Th content and for the concentration of rare earth elements. 
The set consisted of 29 samples which were labelled 0T1 to 0T29.
The samples were mainly phosphate minerals obtained from various 
locations. Their origin of location is the phosphate deposits of the 
Palmyra mountain chain (samples 1 to 23) and the Ain-Lailoun coastal 
chain (samples 24-29), see Fig. (8 .1) [75 ]. The samples listed
accordingly to the ir origin [76] were as follows.
0T1 to 0T5 phosphate samples-AL SAWENEIH mine (SPalmyra Chain)
0T6 to 0T9 phosphate samples-KHAEIPHIS mine (Palmyra Chain)
0T10 to 0T12 phosphate samples-phosphate trenches-AL-ABTER mountain area
0T13 to 0T17 phosphate samples-AL-SOKHNEH mountain area
0T18 to 0T23 phosphate samples-AL-SOKNEH mountain area
0T24 to 0T29 phosphate samples-AIN-LAILOUN area, coastal chain
The Palmyra chain phosphates had been formed in a marine medium, with 
fine to rough grain structure, in addition a variety of s e m i-o ilit 
grains, remains of vertebrate bones, and some complex and compound grains 
are present. The phosphates of Ain-Lailoun (coastal chain) had also been 
formed in the same marine medium, but distinguished by the existence of 
Gloconite mineral, and the presence of grains, gravels and phosphatic 
nodules.
M A TE R IA L  REDACTED A T REQUEST OF U N IVER SITY
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The Al-Sawaneh, and Khneiphis mines and the Al-Abter mountain are nearly 
in the middle of the Palmyra chain. The Al-Sokhneih mountain area is 
located at the far north east of Palmyra. Ain-Lailoun, however, is a 
village near Slanfieh at the north part of the coastal chain.
Rather than to discuss the geological context of the survey the purpose 
of the presentation here is to highlight the employment of the procedures 
drawn in ea rlie r chapters to obtain the required results and further, to 
introduce s ta tis tic a l methods that proved to be highly valuable where 
minimal information is available about a given set of samples.
8 .2 . Interferences
I t  is essential for any meaningful and re liab le  analytical results that 
possible interferences in the gamma lines used for the detection of a 
given element, either accounted for or eliminated. Listed below are the 
d iffe ren t possible interferences together with examples that are most 
related to this work. There are four possible interferences
1- Interference from other radionuclides
2- Interference from other nuclear reactions
3- Interference from lead x-rays
-  1 7 7  -
4- reactor background
Examples of the f i r s t  type of interference are:
Eu-154 (757 keV) and Zr-95 (757) T | = 65.5 days 
Eu-152 (1299 keV) and Ca-47 (1297) T j = 4.54 days
U -239 (226 keV) and Lu-177m(229) T, = 161 days
2
and therefore determination of these elements via the above gamma lines 
is poor. On the other hand, interferences of the second type are 
encountered mainly through fast reactions, some of which are:
As could be seen a ll of the in terfering reactions are due to the fast 
flu x . The fast flux in the reactor especially in the positions used is 
re la tiv e ly  small compared to the thermal flux  (Table 2 .1 ). In addition 
the fast neutron cross-section for these reactions is small, thus, the 
contribution from in terfering elements in these cases is small, unless 
the in terfering element is a major element in the matrix. In cases where 
corrections are inevitable another clean fu l l  energy photopeak is used to 
calculate the two photopeak ratios in the spectrum of the in terfering  
y( elements in order to determine the contribution to the gamma line  of 
in terest.
Ta-182 (229.3) J1= 115 days
2
thermal reactions fast reactions interference
A1-27 (n,y ) Al-28 
Mg-27(n,y) Mg-27 
Mn-55(n,y) Mn-56 
Na-24(n,y) Na-24
S il-28 (n ,p )A l-28 and P-31(n,«) AL-28 
Al-27(n,p)Mg-27 and S i-30(n ,«) Mg-27 
Fe-56(n,p)Mn-56 and Co-59(n,«) Mn-56 
Mg-24(n,p)Na-24 and A l-27(n ,«) Na-24
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At the low energy end of the spectrum lead x-ray interference becomes an
y
important factor. Most important is the 74 keV x-ray interfering with 
the 74 keV gamma line from U-239. The nature of its interference has 
been discussed in chapter seven. Because cyclic activation is used for 
short-lived a c tiv ity  measurement, this works in favour of the interfering  
mechanism. U-239 having a h a lf - l i fe  of 23 minutes is favoured by a one 
shot irradiation for a total experiment time of 5 min; but since other 
modes are mainly used for U-detection [ i . e .  the HPGe run] cyclic 
activation was used for the detection of other elements.
In addition to interferences due to the experiment, and the experimental 
set up, the reactor noise is another source of interference. The 
spectrum (F ig .4.12) shows a five  minute measurement of the reactor 
background. The main in terfering lines are 602 keV from 12ifSb, 834 keV, 
51,Mn, 1115 KeV, 65Zn, 1173 and 1332.5 keV 60Co, and the 1778.9 keV 28A1 
gamma lin e . To correct for such an interference the background is 
measured for a time which w ill give a s ta tis t ic a lly  sign ificant spectrum 
(30-60 min) to be used for the correction for each sample. The results  
obtained are in good agreement with the results obtained from other runs 
where the samples were measured at the University.
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Table 8.1) Procedures adapted for the analysis of the Syrian samples and 
elements determined in each run
Run *  t c t w t c 3&of cycles detector used Elements
determined
Ge(Li) Sm, Lu, Ba, U,
Th, Yb, Mn,Fe 
Sc, Co, Ca, Na 
k, La
Ge(Li) Dy, Sb, Tm, Eu
Hf, Ce, Tb, Th 
Cr, Zr, Cs, Rb 
Co, Ta
HPGe Nb, Tb, Sm, U
Th
7 GeLi-HPGe Al, Dy, Sc, Sb
V, Ca
Another problem encountered was the large dead time. In the case of cyclic  
activation the dead time problem is solved by employing mass-fractionation as 
explained in previous chapters. In the medium lived a c tiv ity  this was solved 
by going for a larger sample to detector distance, dead time of 5-15% is 
thus corrected in the normal fashion and a pulser is used for p ile  up
correction.
8 .3 . Short-lived a c tiv ity  measurement
Run 1 lOd 6-10d 20m
Run 2 lOd 25-30d 5000S
HPG Run lOd 6-10d 20m 
Cyclic
run 2 OS 2S 20S
For short-lived a c tiv ity  measurement samples were irradiated in cyclic  
mode for a to ta l experiment time of 5 minutes, going through seven 
cycles. The primary a c tiv ity  measured was due to Al-28 ( t x = 2.32 min)a
-  180 -
and F-20 (t  = 11.2s). F igs .(8 .2) and (8.3) give the cumulative detector 
reponse for s o il-5 IAEA standard and a typical spectrum of the geological 
survey samples. I t  is noted that the samples have considerably larger 
vanadium and fluorine concentrations than the IAEA standard. I t  is also 
obvious that many elements detected in the samples are not detected in 
the so il-5  standard, making quality assurance for the determination of 
these elements more d if f ic u lt .  In order to gain more confidence in these 
results, concentrations of the same elements obtained from other runs are 
used for comparison i f  possible. I f  the element in question is not 
detected in other runs, the study of the clustering of the samples using 
results of each run separately should provide the same cluster pattern. 
Any variation indicates the possible presence of systematic or random 
errors.
Table (8 .1) gives the d ifferent irradiation and measurement procedures 
used and the elements observed in each run.
Some of the medium lived a c tiv ity  such as that due to Dy-165, Mn-56, and 
Na-24 would probably give better results i f  measured at the end of the 
cyclic procedure. This however was not possible and therefore we had to 
re ly  on output obtained during the cyclic mode.
8 .4 . Medium and longer lived a c tiv ity  measurements
For reasons mentioned e a rlie r  medium and longer lived a c tiv ity  is 
measured through one irrad iation  of 10 days, at d iffe ren t cooling
CO
UN
TS
 
CO
UN
TS
-  181 -
10 S5.C.'C
45_
4 5 .
3S_
30
2 5 .
20 .
15
1
5 -
oo
CMI
CO
Io
CO
M
cn
io
4JfO
' V J !
LOr^ -co
LO i
Fig. (8 .2) y-ray spectrum of 
neutron irradiated  
S oil-5 standard
10 20 25 °0
* CHANNEL #
25
X10
10
“l— 
20 25 30
ENEPGY (LEV)
35 40
X10
X103 o T i .c r c
00
CD
Q16.
CO CD ypical y-ray spectrui 
it 0T1 in cyclic modeLl .
LO
Q
CO
COL - CO
C_>
2X10
CHANNEL #
-  182 -
in tervals. Samples of 100-150mg were prepared along with IAEA so il-5  and 
s o il-7 standards fo r, the irradiation in the core tubes, number 3 and 4, 
at a thermal neutron flux of about 2 x 1012 n-cnr2s. The flux in the 
d ifferent levels in the same tube varies s lig h tly  and to correct for
these variations standard analytical solutions were put on f i l t e r  paper 
and sealed in polyethelene and placed between the samples along the 
tube. The samples then are transferred to the University, where the 
f i r s t  measurements commenced after a cooling period of 6 days. Due to 
the high count rate the samples were counted at an elevated position on 
both the Ge(Li) and HPGe detectors to avoid any dead time problems, and
allow us to look at in detail the low and high energy parts of the
spectrum. In the low energy spectrum Th, Nb, Sm, and U are detected. 
The Ge(Li) detector spectrum having a larger energy range aliows for the 
detection of Sm, Lu, Ba, U, Pa(Th), Eu, Yb, Hf, Mn, Fe, Sc, Co, Ca, Na, k 
and La. Figures (8.4) and (8 .5) show a spectrum of the so il-5  IAEA
standard, and a typical gamma ray spectrum from the Syrian Survey samples 
(0T8), respectively, measured on a HPGe detector for 20 minutes. The 
IAEA standard seems to have more gamma-ray energies, however, the survey 
had a higher background which could have masked some of the smaller 
peaks. THe higher energy spectrum of S o il-5 standard and the survey 
sample (0T8) spectra are given in Figures (8.6) and (8 .7 ) respectively. 
Both spectra show fam ilia r peaks in th e ir number and in tensity allowing 
us to use the IAEA standard for quality  assurance. Although a large 
number of peaks are detected, some are discarded due to possible 
interferences to avoid any systemmatic errors.
For the longer lived a c tiv ity  interference problems become less
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important, and mainly take the form of doublets. This is actually the 
case for l l f lCe and 59Fe having energies of 145 keV and 143 keV 
respectively. Such an interference ( i f  severe) could be corrected by 
using the 1292 keV gamma ray from 59Fe. Another example is the 298 keV 
peak of Tb-160 which has an interference contribution from the 300 keV 
gamma line of 233Pa (Th). Likewise the 311 keV 233Pa peak could be used 
for correction. SAMPO was used for data processing, and has the 
capability of f it t in g  a doublet or a t r ip le t  providing that the photopeak 
shaping parameters are determined adequately. The spectra for the longer 
lived a c tiv ity  Fig. (8 .8) and Fig. (8.9) show that the geological samples 
s t i l l  have considerable beta a c tiv ity  indicated by a low energy 
Bremsstrahlung continuum.
8.5 . Results
The main requirement of this analytical run has been the determination of 
U, Th and rare earth elements. Through the long, medium, and short lived  
a c tiv ity  measurements over 36 elements were detected, 23 of which have 
been determined for both the standard reference materials [S o il-5  and 
S o il-7] and the survey samples. Reference material samples placed along
with the survey sample were analysed; Table (8 .2 ) gives the
concentrations obtained for So il-5 and S o il-7 together with the reported
values, for comparison. This provided a checking procedure fo r the 
samples in question. Another procedure used for quality  assurance was by 
testing reproducability. Six rep licate  samples were irrad iated  and 
measured for this purpose. Table (8 .4 ) gives the average and standard
deviation for the run. The replicates are taken from the 0T8 samples
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Table (8.3) PRECISION for the detected elements of the Syrian sample (0T8) 
using six replicates
1 2 3 4 5 6 c 0
Dy 4.8 5.2 5.5 4.7 5.0 4.9 5.0 0.29
Sb 13.9 13.9 12.0 13.5 11.9 14.2 13.2 1.0
Tm 0.9 0.8 1.1 1.1 0.8 0.9 0.93 0.14
Eu 0.9 0.9 -1.1 1.2 1.3 0.8 6.0 0.2
Hf 0.70 0.74 0.79 0.69 0.8 0.63 0.73 0.07
Ce 51.1 52.3 49.3 48.3 47.9 48.1 49.5 1.8
Tb .42 .44 .51 .46 .38 .39 0.43 0.05'
Th 32 35 31 29 30 32 31.5 2.1
Cr 122 123 126 122 131 115 123 5.3
Zr 552 575 526 539 547 580 553 21.1
Cs - - - - - - -
Rb - - - - -
Fe% 2.5 2.9 2.6 2.8 2.1 2.3 2.5 0.3
Sc 5.4 5.0 4.5 5.3 5.7 5.5 5.2 0.4
Co .80 .84 .80 .87 .84 .82 0.83 0.03
Ta - - - - - - - -
Sm - - - - - - - -
Lu .60 .58 .5 .71 .73 .53 0.61 0.09
cont
-  189 -
1 2 3 4 5 6 G a
Yb 2.1 2.3 1.9 1.8 2.4 2.0 2.1 0.2
Ca% 4.5 4.4 4.2 4.7 4.6 4.3 4.5 0.19
La 2.6 7.2 2.6 2.8 2.5 4.4 2.5 0.2
K
V 140 139 150 148 142 151 145 5.3
-  190 -
material as an example for the other samples. Variations in the 
replicate are within acceptable lim its . Variations in the concentration 
for 95% confidence lim it are within ±10% of the reported concentrations. 
The elemental concentrations for the 29 samples of the survey are given 
in Table (8 .4 ) .  Table (8.5) gives the detection limits for the elements 
reported for these Syrian samples. Even though the analysis of the 
standard reference materials and the replicates confirmed gamma lines in 
which systemmatic or random errors were present, another approach was 
also pursued. Cluster analysis was performed on the values of the 
elemental concentrations as obtained for the individual runs. In the 
main, cluster analysis has been used for providing a way of examining 
s im ilarities  in a set of samples and for determining whether a set of 
samples originated from the same source [77],
In this case however, since i t  was the same samples which were irradiated  
and measured in a different way, the cluster pattern obtained from the 
different runs should look generally the same. More specifica lly ,
clustering performed using the concentration values of 'ofie element from 
the different runs should look the same. Multielemental clustering was 
carried out. The basic cluster is taken to be the cluster obtained from 
the Ge(Li) detector mesurement of the longer lived a c t iv ity .  
Concentrations of a given element, suspected to have systemmatic or 
random errors or where results for some of the samples were not obtained, 
were not considered in the clustering procedure. This was done only 
where the dendrogram of the d ifferent runs d iffered, and was only 
encountered in the cyclic mode. Gamma-rays and x-rays which were 
detected as interferences e.g. 74 keV, U-239, 834 keV, 56Mn, 1173 keV
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and 1332.5 keV, eo60 and the 1778.9 keV, 28A1 were all ommitted from the 
clustering procedure. When clustering analysis was performed after  
removal of data related to these full-energy photopeak areas, cyclic mode 
results were in agreement with the rest.
8.6. Clustering
When dealing with large data sets, a meaningful structure of the data 
could be lost due to the large number of samples and equally large number 
of variables within a sample. Such a structure could be brought out by 
placing samples with similar characteristics based on the sample 
variables, using some objective comparison. A hierarchical clustering is 
a convenient way of showing such s im ilarit ies  [78]. Cluster analysis 
provides a convenient way of portraying objective relationships within 
the data in question with no prior knowledge of its origin or content. 
Clustering can be conceived in n-dimensional space, where n is the 
number of measured variables in the given set. Each object is then 
represented by a point within that space. The object in this case would 
be a sample quantatively determined for the n-dimensions 
(n-concentrations) within that space. S im ilarities then are based on the 
re la tive  position of the different objects within that space. I f  two 
objects are in close proximity they are grouped together, or else they 
are placed in d ifferent clusters. This in effect is analogous to 
clusters of stars provided with a given identification (name). 
Clustering is performed through either hierarchical or non-hierarchical 
approaches. They are called hierarchical because, once an object is
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placed in a cluster, i t  can never by removed. This has the disadvantage 
that an early mistake can never to be corrected for. I t  however, 
provides a good and fast method of producing a relationship among the 
objects (the samples in our case). The agglomerative hierarchical 
approach is used here. I t  summarizes in grouping the objectives one at a 
time in the respective cluster. Clusters are sequentially combined until 
all objects are placed into one large cluster. On the other hand,
devisive hierarchical groups the objects in one cluster and works 
downward separating them in d ifferent clusters according to their  
location in the n-dimensional space.
The non-hierarchical clustering approach divides the objects into the 
predetermined number of clusters. The objects are iterated until the 
objects in one cluster are as close to each other as possible, and the 
different clusters are as separated as possible. This obviously requires 
a prior knowledge of the number of clusters and requires considerably 
more computer time.
Before the distance is determined between points the data points are 
transformed to produce values with zero mean, and a standard deviation of 
1. This is brought about by replacing a given data point x-jj by Z^j
where Z jj is given by
z i j  = (xi j  " xj ) / sj
Where Xj is the mean value of the variable and Sj is its standard
deviation.
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8.7. Results and Discussion
In this study, the computer code CLUSTAN [79] has been used. The 
concentration for various elements is grouped accordingly to the run
where i t  was obtained and clustering is performed on each procedure for
both the geological survey as well as the IAEA soil standards used for
quality assurance. The observation of the same group of objects being 
identified as interrelated in the different analytical procedures 
employed here gives increased confidence that those procedures do not
have systemmatic or random errors.
I t  should be pointed out, that the purpose of this study is to 
demonstrate the application of s ta tis t ica l study to a given survey where 
the information is large. In this particular case clustering was used to 
in terrelate the d ifferent approaches, as well as, to identify  the 
different groups or clusters in the survey.
The clustering output indicates that the samples belong to two closely 
related groups or clusters. These two groups are further separate to 6 
separate groups. This is confirmed by all runs. This also confirms that 
all approaches are representative of the samples by producing similar 
clustering shapes from the different approaches. F ig .(10, 11, 12 and 13) 
give the clusters as produced from different approaches used, namely 
concentrations produced using cyclic mode, medium lived ac tiv ity  measured 
by GeLi and HPGe detectors and long lived ac tiv ity  measured by a GeLi 
detector respectively. concentrations produced using gamma lines 
suspected to have interference were removed so as not to introduce false
28
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factors into the grouping c r ite r ia .  The indicated clustering of the 
different approaches do agree but more importantly, that the clustering 
procedure can be used not just to identify sim ilarities in a set of 
samples but also to confirm the v a lid ity  of d ifferent analytical 
approaches. The clustering output has agreed as well with the recently 
received brief description of the geographical location of the samples 
areas.
CHAPTER NINE 
DISCUSSION AND CONCLUSIONS
Instrumental neutron activation analysis is a fast, sensitive, selective, 
and precise multielemental analysis method. The method could be varied 
in procedure and instrumentation to detect a wide range of elements. 
This v a r ia b il i ty  being an advantage may, however, make d i f f ic u l t  the 
deduction by judicious choice of the activation parameters, especially 
for unfamiliar matrices. As a f i r s t  stage the variation of the 
detectab ility  of an element was examined with regard to the activation 
parameters namely, time of irradiation, counting, waiting, cycle period 
and number of cycles. The signal-to-noise ratio  represents the ratio  of 
the detector response of the radionuclide of interest to the square root 
of the detector response of the background ac tiv ity  and is s t r ic t ly  
therefore a measure of detectab ility . Examination of the optimisation of 
the detectab ility  was conducted and experimental work was carried out to 
verify  optimum conditions. Even though, the experimental and theoretical 
results did not agree for the reasons mentioned e a r l ie r ,  the better 
understanding of the signal-to-noise ra tio  as a function of the 
activation parameters, variation of neutron f lu x , limited and unlimited 
total experimental time were indispensible lessons that put the 
optimisation procedure on the right track. The linear relationship  
between total experiment time and the signal-to-noise ratio  allowed a 
f le x ib le  choice of the experimental time spent per sample. Theoretical 
derivation showed that for optimum conditions the irradiation and 
counting periods should be equal. I t  was also disclosed that for shorter 
lived a c tiv ity  i t  is more advantageous to go for higher flux and shorter
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experimental time as indicated in chapter 3. The main outcome however, 
was to employ simulation of the activation, detection and spectrum 
parameters to arrive at rea lis t ic  optimum conditions. As a result of the 
simulation requirement, nuclear data had to be updated and computerised 
and this provided an easy and fast method for access of nuclear data for 
over 600 gamma lines. Moreover, the simulation has allowed the 
examination of the expected results of many activation procedures without 
having to carry out every time experiments, which are both time consuming 
and costly. Optimum conditions devised through simulation agree with 
reported experimental values. Simulated spectra obtained for the purpose 
of optimisation or mere simulation were in good agreement with measured 
spectra, especially where a low background ac tiv ity  counting system was 
used. Simulation of Bremsstrahlung provided a better background 
representation for low energy photopeaks, and therefore more re a l is t ic  
optimum conditions. Note that the background ac tiv ity  does not affect the 
optimum conditions. This is mainly due to its constant count rate. 
Moreover, background photopeaks are irrelevant to the analytical problem 
in hand and hence, are not introduced in the simulation. Single and 
double escape peaks were simulated, and as a result, any interference due 
to single or double escape peaks can be known prior to conducting the 
experiment.
The efficiency and usefulness of the optimisation and simulation of INAA 
has been demonstrated and discussed with reference to optimisation of the 
detection of selenium in blood, simulation of Bowen's Kale and NBS1632 
coal f l y  ash. I t  is considered an important application since i t  
provides optimum spectra perhaps for the f i r s t  time using complete
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simulation from the raw nuclear data. I t  is also clear that further work 
is necessary in order to cover other aspects of INAA such as prompt 
activation and epithermal irradiation. I f  the two la tte r  modes are to be 
simulated, resonance integrals and prompt activation data should be 
integrated in the nuclear data library.
In the course of an attempt to determine uranium through detection of
fission products, a range of problems had to be overcome. Even though,
the main impetus came from the study of the signal-to-noise ra tio , the
results proved to be valuable for INAA in general. Measurement of very 
short-lived ac tiv ity  h a l f - l i f e ,  without having to resort to a special set 
up, detection of interference, avoiding the dead time problem without 
having to reduce the sample mass, through massfractionation, and the 
determination of numerous gamma-ray lines, the ir  half lives and 
sens it iv it ies , were among the by-products.
In order to employ short-lived ac tiv ity  in an analytical context, i t  is 
important to be able to measure the h a l f - l i f e  of a short-lived  
radionuclide and to detect any interference and its nature. The linear 
growth of the radioactiv ity  cycle by cycle was a key point in studying 
the short-lived fission products. The noisy matrix, comprising fission  
products with a large number of gamma ray lines and a large range of half 
lives, was ideal to test both the variation of the signal-to-noise ratio  
for this wide range of energies' and ha lf- l ives  and of the ir  detection 
s en s it iv it ies . This was important since simulation of fission product 
gamma-ray spectra had not been carried out before and not included in the 
previous simulation work. The fission product spectrum analysis provided
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on the one hand a mean of selecting the fission product candidates for 
use in uranium determination and on the other hand signalled the possible 
interferences that the presence of uranium and thorium in a given matrix 
may introduce in the determination of other elements at trace levels. 
From the variation of the signal-to-noise ratio of the fission product in 
the different modes, CNAA provides higher sensitiv ity  than pseudo-cyclic 
and conventional activation analysis. CNAA has also been shown to be 
more sensitive for other elements e.g. Se, F and Pb. Uranium
determination using short lived fission products produced promising
results using the cyclic mode of activation analysis. I t  should be
pointed out however, that CNAA should not be regarded as the remedy for
all analytical problems, but rather as a complementary technique to other 
INAA and RNAA procedures.
In Chapter 7 the degree of enhancement obtained by using a Compton
suppression system for short-lived ac tiv ity  was demonstrated and 
detection limits were calculated. Advantage factors indicate that the 
Compton suppression results are in percentage rather than order of
magnitude improvement in the signal-to-noise ra tio . This is also true in 
the case of improvement due to activation parameters optimisation, but in 
the later case CYCL0PS85 provides the best possible conditions. I t  is 
le f t  to the analyst to consult advantage factors to decide whether to use 
Compton suppression or not. I t  should be pointed out, that the absence
of a fast transport system between irradiation position and the Compton
suppression counting system was the main factor responsible for the 
degredation of the signal of interest.
-  214 -
The complexity of fission product spectra had also provided a way of 
testing the massfractionation approach. Massfractionation made the 
analysis of a sample giving high dead time possible. I t  also proved to 
be indispensible in cases where the element in question is not uniformly 
distributed in the matrix and whence a mass sample of l-10g is required. 
The technique can be used e ffective ly  when the representative mass of a 
material is too large and/or where the dead time is unacceptable. The
concept was utilised further by devising a way of determining the
representative mass of a given material.
A high purity germanium detector together with a Ge(Li) detector have 
been utilised to measure short, medium, and long lived ac tiv ity  to 
expand the range of elements detected. Simulation and experimental work 
has been conducted on biological, geological, and botanical standard 
materials to verify  where the highest sensitiv ities and lowest detection 
1imits occur.
F inally , INAA has been effective ly  applied to the analysis of a set of 
samples from a geological survey where the distribution of 25 elements 
was studied. The different analytical procedures tried and tested in the 
progress of this work were applied in this study. The results of the 
elemental concentration of the d ifferent approaches studied from the 
general s ta tis t ic a l point of view provided a useful approach to checking 
results obtained from various analytical procedures. Clustering also
agreed with the geographical location of the samples. The intergration  
of the data handling system had saved considerable time and made the 
re tr ieva l of input and output of data, and results for the
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different stages, less time consuming.
9.1 Recommendations for further work
The u tilisa tion  of epithermal neutron activation analysis has been used 
for irradiation in several runs, especially for the fission product work, 
but the technique was used in activation mode derived for thermal 
irradiation. In order to conduct the optimisation procedures properly 
CYCL0PS85 should be expanded by introducing resonance integrals, so that, 
the analyst can decide whether irradiation is to be carried out under 
cadmium and/or in an aluminium tube. Depending on the magnitude of the 
resonance integral re la tive  to the thermal cross section of the element 
of interest, in which i t  is present, and the re lative  magnitudes of the 
thermal and epithermal neutron fluxes ECNAA could result in a substantial 
enhancement in the signal-to-noise ra tio .
The expected dead time is calculated from the overall a c t iv ity  of the 
simulated spectrum. This could be improved by introducing an empirical 
function that provides the dead time as a function of the total countrate 
and hence the sample mass that would produce a preset dead time can 
easily be calculated by the program. The mass calculated by an 
acceptable preset dead time does not neccessarily mean i t  is 
representative of the material but i t  would provide an idea of the 
largest fraction that could be irradiated, without introducing large dead 
time.
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As a result of the work performed in chapters 6 and 8 the low energy 
spectrum recorded by the HPGe should be accumulated simutaneously along 
with the Ge(Li) spectrum, especially since both detectors are present at 
all times. In order to avoid the need for two MCA's a routing box that
would operate as a d ig ita l amplifier, can provide the means for
collecting the Ge(Li) spectrum in the f i r s t  3000 channels and for the 
HPGe spectrum in the next 1000 channels. This would provide a better 
detailed spectrum i f  calibrated judiciously. Similarly the Compton
suppression system can be treated the same way so that the Compton and
non-Compton suppressed spectra can be accumulated for the same spectrum
rather than using two runs, especially i f  the system is to be used
routinely for analysis.
An alternative layout of the CAS measurement position can prove most
useful for U-determination by providing BF3 or 3He counters as shown in
Fig. (9 .1 ) .  This would allow the implementation of large geological 
surveys of uranium very effective ly  and in a considerably reduced time. 
The suggested geometry would s t i l l  provide effective gamma-ray spectrum 
measurement.
This would not only provide for larger application of the cyclic system 
but also in the process of installation the mesurement position can be 
cleaned thoroughly so that less interference due to background would 
effect the measurement of shorter lived ac tiv ity .
With respect to the data processing software i t  was pointed out that 
SAMP0 fa i ls  at some point to f i t  a given fu l l  energy photopeak ( i f  i t  has
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HPGe GeLi
posiitionMea:
He-3 detectors
Cadmium lining
Fig. (9.1) Measurement block for low and high gamma rays and for neutrons
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high intensity, and is isolated), due to the inadequate function for 
f i t t in g  the background. This could be avoided by describing the steplike 
behaviour of the background by using a step function. Meanwhile the 
fa ilu re  of SAMPO could be detected by reading the error provided by the 
CPL program for automating the data analysis so that no further 
processing would be attempted on the output f i l e  where SAMPO has fa iled .
For the medium and longer lived activ ity  mesured at the University, a 
Ge(Li) detector with an automatic sample changer was used. The HPGe 
detector used however, required manual changing of the sample at all 
times. I t  should be added that for the Ge(Li) measurement system, manual 
handling of the samples is unavoidable whenever a d ifferent sample 
detector geometry is required. This makes the job of sample measurement 
tedious and a time consuming one. Such a job is most suited for a robot 
to perform and hence release the analyst for other jobs. By employing 
robotics, a r t i f ic ia l  intelligence could be introduced to make the 
detection system operable in different geometries, use d ifferent  
detectors, or conduct the measurement at a constant dead time by varying 
sample to detector distance. This would also provide an automatic way to 
record the variable distance used, in order to correct for variations in 
the solid angle subtended by the sample on the detector. The CPL 
programs would also have to be written to put the transferred spectra in 
a readily  usable form by the data processing system in order to 
fa c i l i ta te  the data handling and processing, keeping in mind to provide 
enough debugging to detect any corruption that could take place.
This indicates that there is s t i l l  a great deal of work to be done to 
bring the best of INAA as a fast and effective analytical method.
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Appendix ( I )  The Cyclic Equation
The detector response for one irradiation, waiting, and counting, 
period is given by:
D, = wog* e (1 - e‘ U i )e‘ U w (1 -  e"Atc) ( 1)
Symbols as in Chapter 2.
The detector response for a second cycle is
D2 = D1 (1 + e 'AT) ( 2 )
The detector response for the nth cycle is
Dn = D, ( 1 + e 'AT + e "2AT + 
but 1 + e A^" + e 2A  ^ + . . .  + e
(i _ e“nXT}therefore D = D1 '---------- r= - '
n 1 (1 -  e )
-nXTx + e )
-nAT _ (1 - e~nAT ) 
(1 - e'xT)
(3)
(4)
(5)
Thus the cumulative detector response is given by
n / ,  Q-n'AT>
dc - 0 , 2 : ( 1  ~ e _ x T  >
n n-=1 (1 -  e AT) (6)
= D, £<A -  e 'n AT)
(1 .  e " A T ) n'-1
(7)
1 -  e-A T
r, - ^
L n»=1 J (8 )
= D, n _ £  e- ( n ' + 1)AT
n'=0
( 9 )
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(1 -  e 'XT)
|”n - e~xT ^  e‘ n' XTl  
L n'=0
( 10 )
(1 -  e’ xT) [ -
- X T .  V -  e~nAT) 
(1 - e‘ AT)
e • ]
c„ “1 [ m
D. = D 
•n
n______ _ -XT (1 -  e~nxT)
(1 -  e~AI ) (1 - e' AT) 2]
( 1 1 )
( 1 2 )
/
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Appendix I I  Gamma Library for the Use with CYCL0PS85
Isotop R.Isotop Abandance•
• (T
Energy T(l/2) X7
AG107 AG108 0.18E+02 433.90 0.14E+03 0.004500
AG107 AG108 0.18E-H32 632.90 0.15E+03 0.017000
AG109 AG110 0.43E+02 657.80 0.23E-H32 0.045000
AG109 AG110M 0.15E+01 657.80 0.22E+08 0.960000
AG109 AG110M 0.15E-H31 677.90 0.22E+08 0.096000
AG109 AG110M 0.15E+01 706.40 0.22E+08 0.190000
AG109 AG110M 0.15E+01 763.90 0.22E+08 0.230000
AG109 AG110M 0.15E+01 818.00 0.22E+08 0.080000
AG109 AG110M 0.15E+01 884.50 0.22E+08 0.710000
AG109 AG110M 0.15E+01 937.20 0.22E+08 0.320000
AG109 AG110M 0.15E+01 1384.00 0.22E+08 0.210000
AL 27 AL 28 0.24E-H30 1778.90 0.14E+03 1.000000
AR 40 AR 41 0.61E+00 1293.60 0.66E+04 0.990000
AS 75 AS 76 0.45E+01 559.20 0.95E+05 0.430000
AS 75 AS 76 0.45E+01 657.00 0.95E+05 0.060000
AS 75 AS 76 0.45E-H31 767.50 0.95E+05 0.008600
AS 75 AS 76 0.45E+01 867.50 0.95E+05 0.000860
AS 75 AS 76 0.45E+01 1215.80 0.95E+05 0.043000
AS 75 AS 76 0.45E+01 1228.80 0.95E+05 0.011000
AU197 AU198 0.99E+02 411.80 0.24E+06 0.950000
AU197 AU198 0.99E+02 675.90 0.23E+06 0.010000
BA130 BA131 0•89E-02 124.20 0.99E+06 0.280000
BA130 BA131 0.89E-02 133.70 0.99E+06 0.100000
EA130 BA131 0.89E-02 216.10 0.99E+06 0.190000
BA130 BA131 0.89E-02 373.10 0.98E+06 0.130000
BA130 BA131 0.89E-02 496.30 0.99E+06 0.053000
BA130 BA131 0.89E-02 585.00 0.99E+06 0.003800
BA130 BA131 0.89E-02 620.00 0.99E+06 0.003800
BA132 BA133 0.68E-02 81.00 0.33E+09 0.328000
BA132 BA133 0.68E-02 276.40 0.33E+09 0.073000
BA132 BA133 0.68E-02 302.90 0.33E+09 0.186000
BA132 BA133 0.68E-02 356.00 0.33E409 0.623000
BA132 BA133 0.68E-02 383.90 0.33E+09 0.088000
BA134 BA135M 0.39E-02 268.20 0.10E+06 0.156000
BA136 BA137M 0.78E-03 661.60 0.16E+03 0.890000
BA138 BA139 0.29E+00 165.80 0.51E+04 0.214000
BR 79 BR 80 0.43E+01 617.00 0.11E-H34 0.070000
BR 79 BR 80 0.43E+01 640.40 0.11E-H34 0.002100
BR 79 BR 80 0.43E+01 665.70 0.11E+04 0.010000
BR 79 BR 80 0.43E+01 704.30 0.11E+04 0.002100
BR 79 BR 80 0.43E+01 1256.70 0.11E+04 0.000700
BR 81 BR 82 0.15E+01 554.30 0.13E+06 0.660000
BR 81 BR 82 0.15E+01 619.00 0.13E+06 0.410000
BR 81 BR 82 0.15E+01 698.30 0.13E+06 0.270000
BR 81 BR 82 0.15E+01 776.60 0.13E+06 0.830000
BR 81 BR 82 0.15E+01 827.80 0.13E-H36 0.250000
BR 81 BR 82 0.15E-H31 1043.90 0.13E+06 0.290000
BR 81 BR 82 0.15E+01 1317.20 0.13E+06 0.260000
BR 81 BR 82 0.15E-H31 1474.70 0.13E+06 0.170000
BR 81 BR 82 0.15E+01 92.20 0.13E-H36 0.006800
BR 81 BR 82 0.15E+01 221.50 0.13E+06 0.021200
BR 81 BR 82 0.15E+01 1317.50 0.13E+06 0.266000
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BR 81 BR 82 0 . 15E+01 1474.70 0.13E+06 0.170000
BR 81 BR 82 0 . 15E+01 92.20 0 . 13E+06 0.006800
BR 81 BR 82 0 . 15E+01 221 .50 0 . 13E+06 0.021200
BR 81 BR 82 0 . 15E+01 1317.50 0 . 13E+06 0.266000
BR 81 BR 82 0 . 15E+01 1474.80 0 . 13E+06 0.166000
CA 46 CA 47 0 .99E-05 489 .50 0.41E+06 . 0.050000
CA 46 CA 47 0 .99E-05 1296.90 0.41E+06 0.740000
CA 48 CA 49 0 . 20E-02 3083.00 0.53E+03 0.917000
CA 48 CA 49 0 .20E -02 4071.00 0.53E+03 0.073000
CD106 CD107 0 . 12E-01 93.20 0.23E+05 0.050000
CD108 CD109 0.26E-01 88 .00 0.41E+08 0.046000
CD110 CD111M 0 . 12E-01 150.80 0.29E+04 0.300000
CD110 CD111M 0 . 12E-01 . 245 .40 0.29E+04 0.940000
CD114 CD115 0.32E+00 492 .50 0.19E+06 0.100000
CD114 CD115 0.32E+00 527 .70 0.20E+06 0.260000
CD114 CD115M 0.40E-01 484 .90 0.38E+07 0.031000
CD114 CD115M 0 . 40E-01 934. 10 0.38E+07 0.019000
CD114 CD115M 0.40E-01 1289.90 0.38E+07 0.009000
CD116 CD117 0 . 16E+00 273 .30 0.98E+04 0.267000
CD116 CD117 0 . 16E+00 345 .00 0.98E+04 0.133000
CD116 CD117 0 . 16E+00 434 .00 0.98E+04 0.100000
CD116 CD117 0 . 11E+00 1303.00 0.86E+04 0.190000
CD116 CD117 0 . 11E+00 1576.10 0.86E+04 0.170000
CD116 CD117M 0.53E-01 1997.40 0.12E+05 0.150000
CE138 CE139 0 .26E -02 165.80 0 . 12E+08 0.806000
CE138 CE139M 0 . 10E-03 754 .00 0.55E+02 0.930000
CE140 CE141 0.53E+00 145.40 0.28E+07 0.480000
CE142 CE 143 0 . 11E+00 5 7 .40 0.12E+06 0.117000
CE142 CE143 0 . 11E+00 231 .60 0 . 12E+06 0.023000
CE142 CE 143 0 . 11E+00 293 .30 0.12E+06 0.513700
CE142 CE143 0 . 11E+00 490 .40 0 . 12E+06 0.022000
CE142 CE143 0 . 11E+00 664 .50 0 . 12E+06 0.068000
CE142 CE 143 0 . 11E+00 721 .90 0 . 12E+06 0.064000
CL 37 CL 38 0.99E-01 1642.00 0.22E+04 0.380000
CL 37 CL 38 0.99E-01 2166 .80 0.22E+04 0.470000
CL 37 CL 38M 0 . 12E-02 671.40 0.70E+00 1.000000
CO 59 CO 60 0.37E+02 1173.10 0 . 17E+09 1.000000
CO 59 CO 60 0.37E+02 1332.40 0.17E+09 1.000000
CO 59 CO 60M 0 . 18E+02 58 .5 0 0.63E+03 0.021000
CO 59 CO 60M 0 . 18E+02 1332.40 0.63E+03 0 .002500
CR 50 CR 51 0.73E+00 320 .00 0.24E+07 0.090000
CS133 CS134 0.31E+02 563 .20 0.65E+08 0.080000
CS133 CS134 0.31E+02 569 .30 0.65E+08 0.140000
CS133 CS134 0.31E+02 604 .70 0.65E+08 0.980000
CS133 CS134 0.31E+02 795 .80 0.65E+08 0.880000
CS133 CS134 0.31E+02 802 .00 0.65E+08 0.088200
CS133 CS134 0.31E+02 1364.80 0.65E+08 0.034000
CS133 CS134M 0.26E+01 127.40 0 . 11E+05 0. 140000
CU 63 CU 64 0 . 31E+01 1345.90 0.46E+05 0.006000
CU 65 CU 66 0.71E+00 1039.00 0.31E+03 0.090000
DY158 DY159 0 .90E-01 5 8 .00 0 . 13E+08 0.020000
DY164 DY 165 0.78E+03 94 .70 0.84E+04 0 .035800
DY 164 DY 165 0.78E+03 2 7 9 .80 0.84E+04 0 .004980
DY164 DY 165 0.78E+03 361 .70 0.84E+04 0 .008400
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DY164 DY165 0.78E+03 545 .80 0.84E+04 0.001620
DY 164 DY 165 0.78E+03 565-. 70 0.84E+04 0.001320
DY164 DY165 0.78E+03 620 .60 0.84E+04 0.000970
DY 164 DY165 0.78E+03 633 .40 0.84E+04 0.005700
DY164 DY 165 0.78E+03 715.30 0.84E+04 0.005300
DY164 DY165 0.78E+03 995.10 0.84E+04 0.000550
DY164 DY165M 0.56E+03 108.20 0.76E+02 0.030000
DY164 DY165M 0.56E+03 153.80 0.76E+02 0.002400
DY164 DY165M 0.56E+03 361 .70 0.76E+02 0.004300
DY164 DY165M 0.56E+03 515 .50 0 . 76E+02 0.015300
ER170 ER167M 0.33E+01 207 .90 0.22E+01 0.430000
ER170 ER171 0 . 13E+01 111.60 0.27E+05 0.205000
ER170 ER171 0 . 13E+01 116.70 0.27E+05 0.023000
ER170 ER171 0 . 13E+01 124.00 0.27E+05 0.091000
ER170 ER171 0 . 13E+01 295 .90 0.27E+05 0.289000
ER170 ER171 0 . 13E+01 308 .30 0.27E+05 0.644000
ER170 ER171 0 . 13E+01 796 .60 0.27E+05 0.006400
EU151 EU152 0.28E+04 121.80 0.39E+09 0.370000
EU151 EU152 0.28E+04 244 .60 0.39E+09 0.080000
EU151 EU152 0.28E+04 344 .20 0.39E+09 0.270000
EU151 EU152 0.28E+04 411 .00 0.39E+09 0.018900
EU151 EU152 0.28E+04 443 .90 0.39E+09 0 .048600
EU151 EU152 0.28E+04 778 .60 0.39E+09 0.140000
EU151 EU152 0.28E+04 964.10 0.39E+09 0.150000
EU151 EU152 0.28E+04 1086.00 0.39E+09 0.120000
EU151 EU152 0.28E+04 1407.50 0.39E+09 0.220000
EU151 EU152M 0 . 13E+04 121.80 0.34E+05 0.080000
EU151 EU152M 0 . 13E+04 271 .00 0.34E+05 0.000800
EU151 EU152M 0 . 13E+04 344 .20 0 . 34E+05 0 .025000
EU151 EU152M 0.13E+04 841 .60 0.34E+05 0.130000
EU151 EU152M 0 . 13E+04 963.50 0.34E+05 0 .120000
EU151 EU152M 0 . 13E+04 1315.00 0.34E+05 0.012000
EU151 EU152M 0 . 13E+04 1388.90 0.34E+05 0.011000
EU153 EU154 0 . 17E+03 123.10 0.51E+09 0.380000
EU153 EU154 0 . 17E+03 5 9 1 5 0 0.51E+09 0.060000
EU153 EU154 0.17E+03 723 .10 0.51E+09 0.210000
EU153 EU154 0.17E+03 1005.50 0.51E+09 0.185000
EU153 EU154 0 . 17E+03 1274.30 0.51E+09 0 .370000
EU153 EU154 0 . 17E+03 1595.30 0.51E+09 0 .037000
F 19 F 20 0 . 10E-01 1633.10 0 . 11E+02 1.000000
FE 58 FE 59 0 .3 4 E -0 2 192.50 0.39E+07 0 .028000
FE 58 FE 59 0 .34E -02 1099.20 0.39E+07 0 .565000
FE 58 FE 59 0 .34E -02 1291.60 0.39E+07 0.432000
GA 69 GA 70 0 . 11E+01 175.30 0.13E+04 0.001600
GA 69 GA 70 0 . 11E+01 1039.40 0.13E+04 0 .005000
GA 69 GA 70 0 . 11E+01 1050.50 0.13E+04 0 .005000
GA 71 GA 72 0 . 20E+01 600 .90 0.51E+05 0 .055000
GA 71 GA 72 0.20E+01 629 .90 0.51E+05 0 .248000
GA 71 GA 72 0.20E+01 786 .50 0 . 51E+05 0 .032100
GA 71 GA 72 0 . 20E+01 810 .20 0.51E+05 0 .020000
GA 71 GA 72 0.20E+01 834 .00 0.51E+05 0 .955900
GA 71 GA 72 0 . 20E+01 1050.70 0.51E+05 0 .069000
GA 71 GA 72 0.20E+01 1260.10 0.51E+05 0 .011000
GA 71 GA 72 0 . 20E+01 1276.80 0.51E+05 0 .015700
GA 71 GA 72 0.20E+01 1596.70 0.51E+05 0.042700
GA 71 GA 72 0.20E+01 1861.10 0.51E+05 0.052400
GA 71 GA 72 0.20E+01 2201.60 0.51E+05 0.259000
GA 71 GA 72 0 . 20E+01 2507.80 0.51E+05 0.128000
GD158 GD159 0.85E+00 58 .00 0.67E+05 0.020000
GD158 GD159 0.85E+00 226 .00 0.67E+05 0.001900
GD158 GD159 0 . 85E+00 305.50 0.67E+05 0.000560
GD158 GD159 0.85E+00 348.20 0.67E+05 0.002100
GD158 GD159 0.85E+00 363 .60 0.67E+05 0.103000
GD160 GD161 0.85E+00 102.50 0.22E+03 0.140000
GD160 GD161 0.85E+00 165.40 0.22E+03 0.017000
GD160 GD161 0.85E+00 283 .50 0.22E+03 0.051000
GD 160 GD161 0.85E+00 315.00 0.22E+03 0.186000
GD 160 GD161 0.85E+00 361.00 0.22E+03 0.560000
GD160 GD161 0.85E+00 480 .10 0.22E+03 0.017000
GD160 GD161 0.85E+00 529 .50 0.22E+03 0.011000
GE 74 GE 75 0 . 11E400 66 .00 0.47E+04 0.003000
GE 74 GE 75 0 . 11E+00 198.60 0.47E+04 0.014000
GE 74 GE 75 0 . 11E+00 264 .60 0.47E+04 0.110000
GE 74 GE 75M 0.74E-01 139.80 0.49E+02 0.340000
GE 76 GE 77 0 .96E-02 211 .40 0.41E+05 0.320000
GE 76 GE 77 0.96E-02 215 .50 0.41E+05 0.290000
GE 76 GE 77 0.96E-02 264 .50 0.41E+05 0.450000
GE 76 GE 77 0.96E-02 367 .30 0.41E+05 0.150000
GE 76 GE 77 0.96E-02 416 .40 0.41E+05 0.250000
GE 76 GE 77 0.96E-02 558 .10 0.41E+05 0.180000
GE 76 GE 77 0.96E-02 1085.80 0.41E+05 0.060000
GE 76 GE 77 0.96E-02 1367.50 0.41E+05 0.013500
GE 76 GE 77M 0.77E-02 159.80 0.54E+02 0.120000
GE 76 GE 77M 0.77E-02 215 .50 0.54E+02 0.210000
HF174 HF175 0.65E+00 8 9 .60 0.61E+07 0.034000
HF174 HF 175 0.65E+00 229 .50 0.61E+07 0.008500
HF174 HF175 0.65E+00 343 .40 0.61E+07 0.866000
HF174 HF 175 0.65E+00 432 .80 0.61E+07 0.014000
HF174 HF178M 0.26E+00 8 8 .60 0.45E+01 0.540000
HF174 HF178M 0.26E+00 213 .70 0.45E+01 0.750000
HF.174 HF178M 0.26E+00 325 .40 0.45E+01 0.940000
HF174 HF 178M 0 . 26E+00 426 .60 0.45E+01 0.970000
HF178 HF179M 0 . 14E+02 160.60 0 . 19E+02 0.094000
HF178 HF179M 0 . 14E+02 214 .30 0.19E+02 0 .940000
HF179 HF180M 0 . 27E-01 57 .50 0 . 20E+05 0.480000
HF179 HF180M 0.27E-01 93 .40 0 . 20E+05 0.160000
HF179 HF180M 0.27E-01 2 1 5 .30 0 . 20E+05 0.820000
HF179 HF180M 0.27E-01 332 .20 0.20E+05 • 0.930000
HF 179 HF180M 0 . 27E-01 443. 10 0.20E+05 0.800000
HF180 HF181 0 . 35E+01 133.10 0.39E+07 0.400000
HF180 HF181 0.35E+01 345 .70 0.39E+07 0.130000
HF180 HF181 0.35E+01 482 .20 0.39E+07 0 .810000
HG196 HG197 0 . 13E+01 77 .60 0.23E+06 0 .180000
HG196 HG197 0 . 13E+01 191.40 0.23E+06 0 .020000
HG196 HG197M 0.36E-01 133.90 0.86E+05 0 .420000
HG198 HG199M 0 . 20E-02 158.30 0.25E+04 0 .530000
HG198 HG199M 0.20E-02 373 .60 0.25E+04 0 .150000
HG202 HG203 0 . 12E+01 279 .10 0.41E+07 0 .770000
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H0165 H0166 0.64E+02 80.60 0.97E+05 0.062000
H0165 H0166 0.64E+02 1379.40 0.97E+05 0.009300
H0165 H0166 0.64E+02 1581.90 0.97E+05 0.001810
H0165 H0166M 0 . 10E+01 215 .90 0.38E+11 0.026000
H0165 HO166M 0.10E+01 529.80 0.38E+11 0.103000
H0165 H0166M 0 . 10E+01 80 .60 0.38E+11 0 .126000
H0165 H0166M 0 . 10E+01 184.40 0.38E+11 0.739000
H0165 H0166M 0 . 10E+01 280 .50 0.38E+11 0 .301000
H0165 HO166M 0 . 10E+01 410 .90 0.38E+11 0.117000
H0165 H0166M 0 . 10E+01 571.00 0.38E+11 0.052000
H0165 HO166M 0 . 10E+01 670.50 0.38E+11 0.051600
H0165 H0166M 0 . 10E+01 711.70 0.38E+11 0 .525000
H0165 H0166M 0 . 10E+01 752.30 0.38E+11 0 .118000
H0165 HO166M 0 . 10E+01 810.30 0.38E+11 0.560000
H0165 HO166M 0.10E+01 830.60 0.38E+11 0.094800
I  127 I  128 0.64E+01 442 .70 0 . 15E+04 0.140000
I  127 I  128 0.64E+01 526.30 0.15E+04 0.014000
I  127 I  128 0.64E+01 743.50 0 . 15E+04 0.002000
IN113 IN114M 0.34E+00 190.20 0.43E+07 0.170000
IN  113 IN114M 0.34E+00 558 .20 0.43E+07 0.035000
IN  113 IN114M 0.34E+00 725 .10 0.43E+07 0.035000
IN113 IN114M 0.34E+00 1300.00 0.43E+07 0.001640
IN115 IN116 0 . 43E+02 1293.20 0 . 14E+02 0 .012000
IN115 IN116M 0 . 15E+03 138.40 0.32E+04 0 .030000
IN115 IN116M 0 . 15E+03 417 .00 0.32E+04 0 .360000
IN115 IN116M 0 . 15E+03 818.80 0.32E+04 0 .170000
IN115 IN116M 0.15E+03 1097.10 0.32E+04 0 .530000
IN115 IN116M 0 . 15E+03 1293.40 0.32E+04 0.800000
IN115 IN  116M 0 . 15E+03 1507.70 0.32E+04 0 .110000
IN  115 IN116M 0 . 15E+03 2112 .00 0.32E+04 0 .200000
IN115 IN116M 0.38E+01 162.70 0.22E+01 0 .385000
I R 191 IR 192 0.39E+03 295 .80 0.64E+07 0 .290000
I R 191 IR 192 0 . 39E+03 308 .40 0.64E+07 0.300000
IR 191 IR 192 0.39E+03 316 .50 0.64E+07 0.810000
IR 191 IR 192 0.39E+03 468. 10 0.64E+07 0 .490000
IR191 IR  192 0.39E+03 588 .30 0.64E+07 0.040000
IR191 IR 192 0.39E+03 604 .20 0.64E+07 0.090000
IR 191 IR 192 0.39E+03 612 .30 0.64E+07 0.060000
IR 191 IR192M 0.96E+02 57 .8 0 0.90E+02 0.000050
IR193 IR194 0.68E+02 2 93 .60 0.71E+05 0.020000
IR193 IR 194 0.68E+02 328 .00 0.71E+05 0 .1000 00
IR193 IR 194 0.68E+02 644 .60 0.71E+05 0 .025000
IR193 IR 194 0.68E+02 938 .40 0.71E+05 0 .004000
K 41 K 42 0.81E-01 312 .90 0.45E+05 0 .002000
K 41 K 42 0.81E-01 1524.70 0.45E+05 0 .180000
LA139 LA 140 0.89E+01 328 .80 0 . 15E+06 0 .2050 00
LA 139 LA 140 0.89E+01 487 .10 0 . 15E+06 0 .4600 00
LA 139 LA 140 0.89E+01 815 .70 0 . 15E+06 0 .2230 00
LA139 LA 140 0.89E+01 1596.50 0 . 15E+06 0 .9540 00
LU175 LU176M 0 . 18E+02 88 .30 0 . 13E+05 0 .1000 00
LU176 LU177 0 . 55E+02 113.00 0.58E+06 0 .0280 00
LU176 LU177 0.55E+02 20 8 .4 0 0.58E+06 0 .061000
LU176 LU177 0.55E+02 2 50 .10 0.58E+06 0 .001180
LU176 LU177M 0.26E-01 105.40 0 . 13E+08 0 .130000
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LU176 LU177M 0.26E-01
LU176 LU177M 0.26E-01
LU176 LU177M 0.26E-01
LU176 LU177M 0.26E-01
LU176 LU177M 0.26E-01
LU176 LU177M 0.26E-01
LU176 LU177M 0.26E-01
LU176 LU177M 0.26E-01
LU176 LU177M 0.26E-01
LU176 LU177M 0.26E-01
LU176 LU177M 0.26E-01
LU176 LU177M 0.26E-01
LU176 LU177M 0.28E-01
LU176 LU177M 0 . 26E-01
MG 26 MG 27 0 .30E -02
MG 26 MG 27 0 . 30E-02
MG 26 MG 27 0 .30E -02
MN 55 MN 56 0 . 13E+02
MN 55 MN 56 0 . 13E+02
MN 55 MN 56 0 . 13E+02
MN 55 MN 56 0 . 13E+02
MN 55 MN 56 0.13E+02
MO 98 MO 99 0 . 12E+00
MO 98 MO 99 0 . 12E+00
MO 98 MO 99 0 . 12E+00
MO 98 MO 99 0 . 12E+00
MO 98 MO 99 0 . 12E+00
M0100 M0101 0 . 19E-01
M0100 M0101 0 . 19E-01
M0100 M0101 0 . 19E-01
M0100 M0101 0 . 19E-01
M0100 M0101 0 . 19E-01
M0100 M0101 0 . 19E-01
NA 23 NA 24 0.53E+00
NA 23 NA 24 0.53E+00
NB 93 NB 94 0 . 11E+01
NB 93 NB 94 0 . 1 1E+01
NB 93 NB 94M 0 . 10E+01
ND146 ND147 0.34E+00
ND146 ND147 0.34E+00
ND146 ND147 0.34E+00
ND146 ND147 0.34E+00
ND146 ND147 0.34E+00
ND148 ND149 0.23E+00
ND148 ND149 0.23E+00
ND148 ND149 0.23E+00
ND148 ND149 0.23E+00
ND148 ND149 0.23E+00
ND148 ND149 0.23E+00
ND148 ND149 0.23E+00
ND148 ND149 0.23E+00
ND148 ND149 0.23E+00
ND150 ND151 0.84E-01
ND150 ND151 0.84E-01
113.00 0 . 13E+08 0 .230000
121.60 0 . 13E+08 0 .067000
128.60 0 . 13E+08 0 .170000
153.10 0 . 13E+08 0.170000
174.40 0 . 13E+08 0.130000
204 .30 0 . 13E+08 0 .136400
208 .40 0.13E+08 0.620000
228 .50 0 . 13E+08 0 .370000
281 .80 0.13E+08 0.140000
319 .20 0.13E+08 0 .100000
327.70 0.13E+08 0 .180000
378 .80 0.13E+08 0 .290000
414 .10 0.13E+08 0 .170000
418 .80 0 . 13E+08 0 .210000
170.00 0.57E+03 0 .007000
844.00 0.57E+03 0 .700000
1014.10 0.57E+03 0 .300000
846.90 0.93E+04 0 .990000
1810.70 0.93E+04 0 .290000
2112 .80 0.93E+04 0 .150000
2658 .00 0.93E+04 0.006600
3370.60 0.93E+04 0.002000
140.50 0.24E+06 0 .813000
181.10 0.24E+06 0 .0680 00
366 .40 0.24E+06 0.015000
739 .60 0.24E+06 0.140000
778 .00 0.24E+06 0 .049000
191.90 0.88E+03 0 .1820 00
505 .90 0.88E+03 0.114000
590 .80 0.88E+03 0 .194000
695.50 0.88E+03 0 .066000
1012.40 0.88E+03 0 .1140 00
1532.30 0.88E+03 0 .0540 00
1368.40 0.54E+05 1 .000000
2753 .60 0.54E+05 1 .000000
702 .60 0.64E+12 0 .9800 00
871.10 0.64E+12 1 .000000
871 .10 0.38E+03 0 .0 0 4 8 0 0
91 .40 0.96E+06 0 .2 8 0 0 0 0
275 .10 0.96E+06 0 .0 1 9 6 0 0
319 .40 0.96E+06 0 .0 3 0 0 0 0
440. 10 0.96E+06 0 .0 2 0 0 0 0
531 .00 0.96E+06 0 .1 3 0 0 0 0
114.60 0.65E+04 0 .1 8 0 0 0 0
156.00 0.65E+04 0 .0 4 0 0 0 0
2 1 1 .40 0.65E+04 0 .2 700 00
240 .00 0.65E+04 0 .0 4 5 0 0 0
2 6 9 .60 0.65E+04 0 .0 1 7 7 0 0
326 .30 0.65E+04 0 .0 5 0 0 0 0
423 .50 0.65E+04 0 .0 9 0 0 0 0
5 40 .40 0.65E+04 0 .1 0 0 0 0 0
654 .80 0.65E+04 0 .0 9 0 0 0 0
116.70 0.75E+03 0 .4 6 8 0 0 0
138.80 0.75E+03 0 .0 7 8 0 0 0
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ND150 ND151 0.84E-01 255 .60 0.75E+03 0.168000
ND150 ND151 0.84E-01 1180.60 0.75E+03 0.153000
N I 64 N I 65 0.17E-01 366 .50 0.92E+04 0 .045000
N I 64 N I 65 0.17E-01 1115.40 0.92E+04 0.160000
N I 64 NI 65 0 . 17E-01 1481.70 0.92E+04 0.250000
0 18 0 19 0 .43E -06 197 .40 0.29E+02 0.970000
OS 189 0S190M 0 . 13E-02 186.70 0.60E+03 0.700000
OS 189 OS190M 0 . 13E-02 361 .20 0.60E+03 0.940000
OS 189 OS190M 0 . 13E-02 616 .40 0.60E+03 0.990000
OS 190 OS 191 0 . 33E+01 129.40 0 . 13E+07 0.250000
0S192 OS 193 0.66E+00 139.00 0 . 11E+06 0.031000
0S192 OS 193 0.66E+00 280 .30 0 . 11E+06 0.013650
OS 192 OS 193 0.66E+00 321 .50 0 . 11E+06 0.014000
0S192 OS 193 0.66E+00 387 .50 0 . 11E+06 0.013650
OS 192 OS 193 0.66E+00 460 .40 0 . 11E+06 0.039000
OS 192 OS 193 0.66E+00 557 .70 0 . 11E+06 0.021000
PB204 PB207M 0.76E -02 569 .70 0.79E+00 0.980000
PB204 PB207M 0.76E -02 1063.60 0.79E+00 0.830000
PD108 PD109 0.33E+01 88 .00 0.49E+05 0.046000
PD108 PD109 0.33E+01 311 .50 0.49E+05 0.005000
PD108 PD109M 0.53E-01 188.90 0.29E+03 0.580000
PD 110 PD111M 0.47E -02 172.10 0.20E+05 0 .750000
PR141 PR 142 0 . 12E+02 1575.60 0.69E+05 0 .037000
PT190 PT191 0 . 19E-01 172.20 0.24E+06 0 .035000
PT190 PT191 0 . 19E-01 179.00 0.24E+06 0.010100
PT190 PT 191 0 . 19E-01 2 1 9 .70 0.24E+06 0 .008200
PT190 PT191 0 . 19E-01 2 68 .30 0.24E+04 0 .024000
PT190 PT191 0 . 19E-01 351 .20 0.24E+06 0 .033000
PT190 PT 191 0 . 19E-01 359 .90 0.24E+06 0 .059700
PT190 PT 191 0 . 19E-01 409 .40 0.24E+06 0 .079600
PT190 PT191 0 . 19E-01 4 5 6 .50 0.24E+06 0 .033000
PT190 PT 191 0 . 19E-01 538 .90 0.24E+06 0 .136000
PT194 PT195M 0.30E-01 9 9 .00 0.35E+06 0 .110000
PT196 PT197 0.24E+00 7 7 .6 0 0.72E+05 0 .200000
PT196 PT197 0.24E+00 191 .40 0.72E+05 0 .060000
PT196 PT197M 0 . 13E-01 34 6 .30 0.53E+04 0.130000
PT198 PT 199 0.29E+00 185 .90 0.18E+04 0 .090000
PT198 PT 199 0.29E+00 2 4 6 .5 0 0 . 18E+04 0 .040000
PT198 PT 199 0.29E+00 31 6 .9 0 0 . 18E+04 0 .080000
PT198 PT 199 0.29E+00 54 2 .8 0 0 . 18E+04 0 .240000
PT198 PT 199 0.29E+00 7 1 4 .3 0 0 . 18E+04 0 .030000
RB 85 RB 86 0.72E+00 1076 .60 0.16E+07 0 .088000
RB 85 RB 86M 0.72E-01 5 5 5 .80 0.62E+02 1.000000
RB 87 RB 88 0 .33E -01 898 .00 0 . 11E+04 0 .145000
RB 87 RB 88 0.33E-01 1836 .00 0 . 11E+04 0 .2210 00
RB 87 RB 88 0.33E-01 211 8 .6 0 0 . 11E+04 0.009500
RB 87 RB 88 0.33E-01 267 7 .6 0 0 . 11E+04 0.023000
RE185 RE 186 0.41E+02 137 .20 0.33E+06 0 .092000
RE 185 RE186 0.41E+02 630 .30 0.33E+06 0 .000250
RE 187 RE 188 0.45E+02 155 .00 0.61E+05 0 .1490 00
RE 187 RE 188 0.45E+02 478. 10 0.61E+05 0 .0110 00
RE 187 RE 188 0.45E+02 633. 10 0.61E+05 0 .0143 00
RE 187 RE 188 0.45E+02 672 .50 0.61E+05 0 .0011 10
RE 187 RE 188 0.45E+02 829 .00 0.61E+05 0 .0045 00
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RE 187 RE 188 0.45E+02 931.10 0.61E+05 0 .006000
RE 187 RE188M 0.82E+00 63 .60 0.11E+04 0.213000
RE 187 RE 188M 0.82E+00 9 2 .40 0 . 11E+04 0.054500
RE 187 RE 188M 0.82E+00 105.90 0.11E+04 0.115000
RH103 RH104 0 . 14E+03 555 .80 0.42E+02 0.020000
RH103 RH104M 0 . 11E+02 51 .40 0.26E+03 0.482000
RH103 RH104M 0 . 11E+02 77 .60 0.26E+03 0.025000
RH103 RH104M 0 . 11E+02 97 .20 0.26E+03 0.026000
RH103 RH104M 0 . 11E+02 555 .80 0.26E+03 0.020000
RU 98 RU 97 0 . 1 IE-01 215 .70 0.25E+06 0.853000
RU 96 RU 97 0 . 11E-01 324 .50 0.25E+06 0.101000
RU102 RU103 0.44E+00 497 .10 0.34E+07 0 .863000
RU102 RU103 0.44E+00 610 .30 0.34E+07 0 .055000
RU104 RU105 0.91E-01 129.70 0 . 16E+05 0 .050000
RU104 RU105 0.91E-01 262 .90 0 . 16E+05 0 .072000
RU104 RU105 0 . 91E-01 316 .50 0 . 16E+05 0 .117000
RU104 RU105 0.91E-01 469 .40 0 . 16E+05 0 .175000
RU104 RU105 0 . 91E-01 676.40 0 . 16E+05 0 .167000
RU104 RU105 0 .91E-01 724 .50 0 . 16E+05 0 .490000
RU104 RU105 0 .91E-01 875 .80 0 . 16E+05 0 .034000
RU104 RU105 0 .91E-01 969 .40 0 . 16E+05 0 .023400
S 36 S 37 0 .20E -04 3102 .40 0.30E+03 0 .900000
SB121 SB 122 0 . 35E+01 564 .00 0.24E+06 0 .660000
SB 121 SB 122 0 . 35E+01 692 .50 0.24E+06 0 .034000
SB121 SB 122 0.35E+01 1140.50 0.24E+06 0 .007000
SB121 SB 122 0.35E+01 1256.60 0.24E+06 0 .007000
SB121 SB122M 0.34E-01 6 1 .60 0.21E+03 0 .500000
SB121 SB122M 0.34E-01 76 .3 0 0.21E+03 0 .170000
SB123 SB 124 0 . 14E+01 602 .70 0.52E+07 0 .979000
SB123 SB 124 0 . 14E+01 645 .80 0.52E+07 0 .072000
SB123 SB 124 0 . 14E+01 722 .80 0.52E+07 0 .111000
SB123 SB 124 0 . 14E+01 1325.50 0.52E+07 0 .014700
SB 123 SB 124 0 . 14E+01 1436.60 0.52E+07 0 .010900
SB123 SB 124 0 . 14E+01 1691.00 0.52E+07 0 .488000
SB123 SB 124 0 . 14E+01 2091 .0 0 0.52E+07 0 .060000
SB123 SB124M1 0 . 13E-01 505 .00 0.93E+02 0 .200000
SB123 SB124M1 0 . 13E-01 602 .70 0.93E+02 0 .200000
SB123 SB124M1 0 . 13E-01 645 .80 0.93E+02 0 .200000
SC 45 SC 46 0.23E+02 889 .40 0.73E+07 1 .000000
SC 45 SC 46 0.23E+02 1120.30 0.73E+07 1 .000000
SC 45 SC 46M 0 . 10E+00 142.80 0 . 18E+00 0 .4550 00
SE 74 SE 75 0.26E+00 96 .7 0 ' 0 . 11E+08 0 .033000
SE 74 SE 75 0.26E+00 121 .10 0 . 11E+08 0 . 170000
SE 74 SE 75 0.26E+00 136.00 0 . 11E+08 0 .570000
SE 74 SE 75 0.26E+00 2 6 4 .6 0 0 . 11E+08 0 .6000 00
SE 74 SE 75 0.26E+00 27 9 .6 0 0 . 11E+08 0 .250000
SE 74 SE 75 0.26E+00 4 00 .70 0 . 11E+08 0 . 120000
SE 74 SE 75 0.26E+00 6 6 .0 0 0 . 11E+08 0 .0106 00
SE 74 SE 75 0.26E+00 1 98 .60 0 . 11E+08 0 .0146 00
SE 74 SE 75 0.26E+00 30 3 .9 0 0 . 11E+08 0 .0139 00
SE 76 SE 77M 0.20E+01 161 .90 0 . 18E+02 0 .5000 00
SE 78 SE 79M 0.85E-01 95 .90 0.24E+03 0 .0960 00
SE 80 SE 81 0.25E+00 2 7 5 .8 0 0 . 11E+04 0 .005600
SE 80 SE 81 0.25E+00 2 9 0 .0 0 0 . 11E+04 0 .0034 00
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SE 80 SE 81 0.25E+00 565 .80 0 . 11E+04 0.009000
SE 80 SE 81 0.25E+00 649 .30 0.11E+04 0.003000
SE 80 SE 81 0.25E+00 828 .00 0 . 11E+04 0.002000
SE 80 SE 81M 0.50E-01 103.00 0.34E+04 0.080000
SE 82 SE 83 0 .37E -03 224 .90 0.15E+04 0.440000
SE 82 SE 83 0 .37E -03 356 .60 0 . 15E+04 0.690000
SE 82 SE 83 0 .37E -03 510 .00 0.15E+04 0.414000
SE 82 SE 83 0 .37E -03 717 .80 0.15E+04 0.250000
SE 82 SE 83 0 .37E -03 798 .70 0 . 15E+04 0.157000
S I  30 S I  31 0 .34E -02 1266.20 0.94E+04 0.000700
SM144 SM145 0 . 22E-01 61 .20 0.29E+08 0 .127000
SM152 SM153 0.56E+02 6 9 .70 0 . 17E+06 0.052500
SM152 SM153 0.56E+02 9 7 .40 0 . 17E+06 0.007300
SM152 SM153 0.56E+02 103.20 0 . 17E+06 0.283000
SM152 SM153 0.56E+02 172.90 0.17E+06 0.000700
SM154 SM155 0 . 11E+01 104.20 0 . 13E+04 0.730000
SM154 SM155 0 . 11E+01 141.20 0 . 13E+04 0.013500
SM154 SM155 0 . 11E+01 2 4 5 .60 0.13E+04 0.040000
SN112 SN113 0 .85E -02 2 5 5 .20 0.99E+07 0.018000
SN116 SN117M 0.85E-03 158.40 0 . 12E+07 0.870000
SN122 SN123M 0.94E-02 160.20 0.24E+04 0.840000
SN124 SN125M 0 . 60E-02 332 .00 0.57E+03 0.970000
SR 84 SR 85 0 .76E -02 514 .00 0.55E+07 1.000000
SR 84 SR 85M 0 . 36E-02 151 .10 0.42E+04 0.140000
SR 84 SR 85M 0.36E-02 231 .50 0.42E+04 0.850000
SR 86 SR 87M 0 . 13E+00 388 .50 0 . 10E+05 0.800000
TA181 TA182 0 . 21E+02 6 5 .70 0.99E+07 0 .028000
TA181 TA182 0.21E+02 67 .70 0.99E+07 0 .412000
TA181 TA182 0.21E+02 100.10 0.99E+07 0.140000
TA181 TA182 0 . 21E+02 113.70 0.99E+07 0 .019000
TA181 TA182 0.21E+02 152.40 0.99E+07 0.071500
TA181 TA182 0.21E+02 156.40 0.99E+07 0 .027200
TA181 TA182 0.21E+02 179.40 0.99E+07 0.031400
TA181 TA182 0.21E+02 198.30 0.99E+07 0.015400
TA181 TA182 0.21E+02 2 2 2 . 10 0.99E+07 0 .075000
TA181 TA182 0.21E+02 2 2 9 .30 0.99E+07 0.036300
TA181 TA182 0.21E+02 2 6 4 .10 0.99E+07 0.036300
TA181 TA182 0.21E+02 1121.30 0.99E+07 0.349000
TA181 TA182 0 . 21E+02 1157.50 0.99E+07 0 .009900
TA181 TA182 0.21E+02 1189.00 0.99E+07 0 .164000
TA181 TA182 0.21E+02 1221.40 0.99E+07 0 .273000
TA181 TA182 0.21E+02 1231.00 0.99E+07 0 . 116000
TA181 TA182 0 . 21E+02 1257.50 0.99E+07 0 .015100
TA181 TA182M 0 . 70E-01 146.80 0.95E+03 0.158000
TA181 TA182M 0 . 70E-01 171 .60 0.95E+03 0 .451600
TA181 TA182M 0.70E-01 185.00 0.95E+03 0 .226000
TA181 TA182M 0.70E-01 3 1 8 .40 0.95E+03 0.063000
TB159 TB160 0.46E+02 8 6 .80 0.63E+07 0 .134000
TB159 TB160 0.46E+02 197.00 0.63E+07 0 .052400
TB169 TB160 0.46E+02 2 1 5 .60 0.63E+07 0 .040200
TB169 TB160 0.46E+02 2 9 8 .60 0.63E+07 0 .274000
TB159 TB160 0.46E+02 879 .40 0.63E+07 0 .300000
TB159 TB160 0.46E+02 966 .20 0.63E+07 0 .255000
TB159 TB160 0 . 46E+02 1177.90 0.63E+07 0 .155000
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TB159 TB160 0.46E+02 1199.90 0.63E+07 0.023600
TB159 TB160 0.46E+02 1271.90 0.63E+07 0.076000
TB159 TB160 0.46E+02 1312.10 0.63E+07 0.029700
TE120 TE121 0 .27E -03 507 .60 0 . 15E+07 0.175000
TE120 TE121 0 .27E -03 573 .10 0 . 15E+07 0.795000
TE120 TE121M 0 . 18E-02 212 .20 0 . 13E+08 0.826000
TE122 TE123M 0.25E-01 158.80 0.90E+07 0.840000
TE124 TE125M 0.23E+00 109.30 0.50E+07 0.003000
TE126 TE127 0 . 17E+00 361.00 0.34E+05 0.001000
TE126 TE127 0 . 17E+00 417 .40 0.34E+05 0.008000
TE126 TE127M 0 . 19E-01 361.00 0.91E+07 0.001000
TE126 TE127M 0 . 19E-01 417 .40 0.91E+07 0.008000
TE128 TE129 0.45E-01 278 .50 0.43E+04 0.016500
TE128 TE129 0.45E-01 459 .50 0.41E+04 0.150000
TE128 TE129M 0.54E-02 695.80 0.29E+07 0.060000
TE130 TE131 0.69E-01 149.70 0 . 15E+04 0.689000
TE130 TE131 0.69E-01 452 .30 0 . 15E+04 0.182000
TE130 TE131 0.69E-01 492 .70 0 . 15E+04 0.050000
TE130 TE131 0.69E-01 602. 10 0 . 15E+04 0.040000
TE130 TE131 0.69E-01 654.40 0 . 15E+04 0.013600
TE130 TE131 0 .69E-01 997.20 0 . 15E+04 0 .033000
TE130 TE131 0 .69E-01 1147.00 0 . 15E+04 0 .050000
TH232 TH233 0.74E+01 86.60 0 . 13E+04 0 .270000
TH232 TH233 0.74E+01 169.30 0 . 13E+04 0 .007000
TH232 TH233 0.74E+01 459 .20 0 . 13E+04 0 .010000
TH232 TH233 0.74E+01 670.00 0.13E+04 0.002500
T I  50 T I  51 0 .73E -02 320.00 0.35E+03 0 .510000
T I  50 T I  51 0 .73E -02 608.40 0.35E+03 0 .015000
T I  50 T I  51 0 .73E -02 928.50 0.35E+03 0.050000
TM169 TM170 0.13E+03 84 .40 0.11E+08 0.034000
u 238 u 239 0.27E+01 74 .70 0 . 14E+04 0.510000
V 51 V 52 0.49E+01 1434.40 0.23E+03 1.000000
W 186 w 183M 0 . 13E+00 99 .60 0.53E+00 0 .090000
W 186 w 183M 0 . 13E+00 108.00 0.53E+00 0.190000
W 186 W 183M 0 . 13E+00 160.50 0.53E+00 0 .060000
W 184 W 185 0.64E+00 125.40 0.65E+07 0 .000230
W 186 W 187 0.11E+02 72 .30 0.86E+05 0 .110000
W 186 w 187 0 . 11E+02 134.30 0.86E+05 0 .090000
W 186 w 187 0 . 11E+02 479 .30 0.86E+05 0 .230000
W 186 w 187 0.11E+02 551 .40 0.86E+05 0 .050000
W 186 w 187 0 . 1 1E+02 618.10 0.86E+05 0 .0600 00
W 186 w 187 0 . 11E+02 685.70 0.86E+05 0 .2700 00
W 186 W 187 0 . 11E+02 772.90 0.86E+05 0 .040000
Y 89 Y 90M 0 . 10E-02 202 .40 0 . 11E+05 0 .9700 00
Y 89 Y 90M 0 . 10E-02 479 .30 0 . 11E+05 0 .910000
YB168 YB169 0 . 15E+02 63 .10 0.27E+07 0 .450000
YB168 YB169 0 . 15E+02 93.60 0.27E+07 0 .027000
YB168 YB169 0 . 15E+02 109.80 0.27E+07 0 .1800 00
YB168 YB169 0 . 15E+02 118.20 0.27E+07 0 .0193 00
YB168 YB169 0 . 15E+02 130.50 0.27E+07 0 .1150 00
YB168 YB169 0 . 15E+02 177.20 0.27E+07 0 .2200 00
YB168 YB169 0.15E+02 197.80 0.27E+07 0 .360000
YB168 YB169 0 . 15E+02 261 .00 0.27E+07 0 .017800
YB168 YB169 0 . 15E+02 307 .70 0.27E+07 0 .1110 00
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YB174 YB175 0 . 18E+02 113.80 0.36E+06 0.018000
YB174 YB175 0 . 18E+02 137.40 0.36E+06 0.001300
YB176 YB175 0 . 18E+02 144.70 0.36E+06 0.003540
YB174 YB175 0 . 18E+02 282.50 0.36E+06 0.029000
YB176 YB175 0 . 18E+02 396.30 0.36E+06 0.062000
YB176 YB177 0.89E+00 121.60 0.68E+04 0.030000
YB176 YB177 0.89E+00 138.30 0.68E+04 0.020000
YB176 YB177 0.89E+00 150.30 0.68E+04 0 .160000
YB176 YB177 0.89E+00 1079.80 0.68E+04 0.050000
YB176 YB177 0.89E+00 1240.90 0.68E+04 0 .030000
ZN 64 ZN 65 0.22E+00 1115.40 0 . 21E+08 0.490000
ZN 68 ZN 69M 0 . 19E-01 438 .70 0.50E+05 0.950000
ZN 70 ZN 71 0 .62E -03 121.50 0 . 14E+03 0.030000
ZN 70 ZN 71 0 .62E -03 390.00 0 . 14E+03 0.038000
ZN 70 ZN 71 0 .62E -03 511 .60 0 . 14E+03 0.320000
ZN 70 ZN 71 0 .62E -03 910.30 0 . 14E+03 0 .078000
ZR 94 ZR 95 0 . 14E-01 724.00 0.56E+07 0 .490000
ZR 94 ZR 95 0 . 14E-01 756.60 0.56E+07 0 .490000
ZR 96 ZR 97 0 . 14E-03 254 .30 0.61E+05 0 .012800
ZR 96 ZR 97 0 . 14E-03 507 .80 0.61E+05 0 .052400
ZR 96 ZR 97 0 . 14E-03 743 .40 0 . 61E+05 0 .928000
ZR 96 ZR 97 0 . 14E-03 1148.10 0.61E+05 0.026400
ZR 96 ZR97 0 . 14E-03 355 .50 0 . 61E+05 0.021800
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Appendix ( I I I )  Optimum Ti _  t c for Irradiation
The detector response accumulated during an irradiation period t-j and 
counting period t c with a transfer time tw in between is derived in 
Chapter 2 and is given by,
where N0 - number of target nuclei in sample 
<f> - neutron flux
a - cross-section
e - detector efficiency
A - decay constant
For an optimum t-j and t c both partial derivatives of d] with respect to 
t-j and t c should be zero.
D1 = No^a£ (1 - e“Ati )e " xtW(1 - e"Atc) ( 1 )
A
3D>| Nq <j>ae
(Xe'x t i )e " xtw (1 - e‘ x tc)"A t-j x -At, (2 )at • X
= No0ae. e Xti . e x^w. (1 -  e x^c) = 0 (3)
Similarly
= N 4>ae . e ' xtc e ' xtw (1 -  e"x t i ) = 0dl O (4)
for a given t w constant
(5)
—  = K. e 'Xtc (1 - e~x t i ) = 0 (6 )
for eq. 5 and 6 to be true e ither t-j = t c = 0 
or e‘ x t i (1 -  e"Xtc) = e‘ xtc (1 -  3"x t i )
e_x i^ - e”x^i + = e"X '^1' - e'x^i + ^
for t-j i- 0 and t c { 9 eq. (8) can be rewritten  
e"Ati = e"Atc
therefore t-j = t c
APPENDIX I V 
Column 1
2
3 -
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Experimental sensitiv ities  of fission product gamma lines 
gamma energy
* indicate possible interference from the background
candidate fission product.
16 numbered 1-12, 14, 15, 16 and 17 are the mode used 
(reference to chapter 6)
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